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Rays  of  Positive  Electricity  and  Their  Application  to  Chemical  Analysis.  By  SIR 
J.  J.  THOMSON,  O.M.,  F.R.S.  Pp.  vii  +  132  -f-  5  plates.  Longmans  Green  and 
Company.  London  and  New  York.  Price  5  S.,  net. 

A  book  written  by  Sir  J.  J.  Thomson  describing  his  researches  is  always 
in  demand,  and  chemists  and  physicists  generally  will  welcome  this  account 
of  his  latest  triumph.  The  book  deals  with  "the  experiments  on  positive 
rays  which  have  been  made  at  the  Cavendish  Laboratory  during  the  last 
seven  years,"  and  includes,  in  addition,  short  accounts  of  Gehrcke  and 
Reichenheim's  experiments  on  anode  rays,  also  the  researches  of  Stark 
and  others  on  the  Doppler  effect  in  positive  rays,  amplifying  and  inter- 
preting these  by  means  of  his  own  work  on  positive  rays.  Short  chapters 
are  included  on  spectra  produced  by  bombardment  with,  and  the  dis- 
integration of  metals  under  the  action  of,  positive  rays.  It  concludes 
with  an  extended  chapter  on  the  use  of  positive  rays  for  chemical  analysis, 
giving,  as  illustrations  of  the  method,  accounts  of  his  own  researches 
on  the  "element  of  atomic  weight  22,"  on  the  nature  of  X3  the  substance 
giving  the  "3"  line,  and  on  the  evolution  of  helium  and  neon. 

It  should  be  noted  that  the  choice  of  words  is  characteristic  of  the 
author.  The  name  "positive  rays"  is  used  in  preference  to  "canal  rays" 
as  originally  applied  by  Goldstein.  The  heavy  carriers  are  designated 
as  "particles"  instead  of  "ions,"  and  the  word  "corpuscle"  is  retained 
for  what  is  generally  termed  an  electron. 

The  opening  chapter  includes  a  brief  statement  of  the  theory  that 
obtains  for  the  magnetic  and  electrostatic  deflections  of  a  carrier.  This 
is  followed  by  a  detailed  description  of  the  author's  experiments  made  in 
1906.  A  number  of  improvements,  in  both  design  and  manipulation, 
soon  suggested  themselves,  and  in  1910  the  author  began  the  use  of  the 
photographic  plate  placed  inside  of  the  exhausted  vessel  for  obtaining 
a  permanent  record  of  the  deflection  of  the  rays.  Under  the  simultaneous 
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action,  at  right  angles  to  each  other,  of  the  electrostatic  and  magnetic 
fields,  the  trace  on  the  photographic  plate  becomes  a  parabola.  By  in- 
creasing the  strength  of  the  fields  the  parabolas  may  be  given  any  position 
on  the  plate  desired ;  if,  however,  the  fields  are  kept  constant  the  positions 
of  the  parabolas  depend  directly  on  the  masses  of  the  carriers,  and,  since 
the  mass  bears  a  simple  relation  to  the  atomic  weight,  the  nature  of  the 
particles  can  be  identified. 

Numerous  photographs  are  reproduced.  These  are  accompanied  by 
detailed  discussions.  During  the  course  of  the  investigation  it  was 
found  that  these  carriers  may,  in  the  case  of  many  substances,  hold  more 
than  one  charge.  This  introduces  difficulties  of  measurement  and  of 
interpretation,  that,  but  for  the  wonderful  experiment  skill  and  scientific 
imagination  of  the  author,  coupled  with  mathematical  insight,  might  lead 
to  wrong  conclusions.  As  an  example,  in  explaining  why  certain  lines 
were  of  exceptional  brightness  on  the  photographic  plate,  the  author 
says,  "the  view  which  seems  to  accord  best  with  the  observations  is 
that  the  negatively  electrified  atoms  are  atoms  which  were  positively 
electrified  when  in  the  discharge  tube,  that  they  got  neutralized  after 
passing  through  the  cathode  by  combining  with  a  corpuscle,  and  in  this 
neutral  condition  exerted  so  strong  an  attraction  upon  a  corpuscle  that 
they  were  able  to  capture  it  though  moving  past  it  with  an  exceedingly 
high  velocity." 

Though  the  photographic  plate  furnishes  an  excellent  means  of  de- 
tecting the  existence  of  positively  charged  particles  of  different  kinds 
it  is  not  suitable  for  comparing  the  number  of  these  particles  present  in  a 
bundle  of  positive  rays.  The  effect  upon  the  photographic  plate  is  de- 
termined largely  by  the  depth  to  which  the  particles  penetrate  into  the  film. 
The  light  hydrogen  atoms  having  a  velocity  of  about  fourteen  times  that 
of  the  heavy  mercury  atoms  penetrate  the  film  farther  and  therefore 
produce  a  greater  photographic  effect.  Hence  the  intensity  of  the  para- 
bolic line  is  by  no  means  proportional  to  the  amount  of  the  element  present 
producing  it.  As  an  example  the  hydrogen  line  is  always  very  intense, 
yet  there  may  be  relatively  very  little  hydrogen  present.  To  show  this 
to  be  the  case  the  author  used  an  ingenious  device  which  enabled  the  total 
charge  carried  by  the  particles  forming  the  parabola  to  be  collected  on  an 
electrometer,  and  thus  the  number  of  charged  particles  was  estimated. 

Next  follows  a  chapter  on  the  information  afforded  by  the  positive  rays 
as  to  the  constitution  of  a  gas,  the  nature  and  properties  of  the  molecules, 
and  the  process  of  ionization  in  a  discharge  tube.  Short  chapters  are 
given  to  a  consideration  of  retrograde  and  anode  rays,  followed  by  Stark's 
observations  on  the  Doppler  effect  and  amplified  by  the  author's  own 
researches. 

The  chapter  on  the  use  of  positive  rays  for  chemical  analysis  is  very 
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suggestive.  The  method  is  a  new  departure  in  chemical  analysis  and  is 
very  powerful,  (a)  Only  a  small  quantity  of  gas  is  required — less  than 
o.o i  cc.  at  atmospheric  pressure  will  give  well  defined  parabolas,  (b) 
A  new  gas  in  the  tube  is  indicated  by  a  corresponding  new  parabola,  and 
from  its  position  on  the  plate  its  atomic  weight  may  be  determined.  The 
method  is  more  sensitive  than  that  of  spectrum  analysis.  The  author's 
claim  that  "the  technique  is  not  difficult  if  appliances  for  producing  high 
vacua  are  available"  may  be  challenged  by  some  attempting  this  method 
of  chemical  analysis.  To  produce  and  maintain  for  hours  at  a  time  a 
vacuum  of  o.ooi  mm.  mercury  in  a  discharge  vessel,  the  construction 
of  which  of  necessity  requires  the  use«of  numerous  waxed  joints,  in  itself 
requires  superior  skill.  To  this  add  the  manipulative  skill  attending 
the  various  details  of  operation  such  as  proportioning  the  strength  of  the 
deflecting  fields,  giving  the  proper  time  of  exposure,  and  finally  determining 
the  constants  of  the  apparatus,  gives  a  fair  idea  of  the  technique  required 
for  the  successful  use  of  the  method.  The  success  of  the  method  at  the 
Cavendish  laboratory  is  a  compliment  to  the  wonderful  experimental 
skill  of  the  author  and  those  assisting  him.  The  method  marks  a  great 
advance  in  modern  chemical  analysis. 

As  an  application  of  the  method  he  gives  Mr.  Aston's  interesting  in- 
vestigation of  neon.  A  number  of  photographs  taken  with  the  lighter 
constituents  show  lines  corresponding  to  helium,  to  neon,  to  argon,  and 
an  additional  line  corresponding  to  an  element  with  an  atomic  weight  22. 
The  atomic  weight  of  neon  is  20.2.  The  evidence  brought  out  by  this 
method  seems  to  point  to  a  new  element  of  atomic  weight  22. 

The  book  concludes  with  a  consideration  of  the  continuous  evolution 
of  helium  and  neon  when  various  substances  are  bombarded  by  cathode 
rays.  The  gases  were  examined  by  the  positive  ray  method.  The 
author  does  not  draw  any  very  definite  conclusions  from  his  experiments. 
He  says,  "The  view  that  helium  can  be  got  from  other  chemical  elements 
raises  questions  of  such  fundamental  character  that  few  will  be  prepared 
to  accept  it  until  every  other  explanation  has  been  found  to  be  untenable," 
and  adds  that  further  "experiments  are  being  made  with  this  object  but 
there  are  very  considerable  difficulties  to  be  overcome." 

CHAS.  T.  KNIPP. 
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THE  CORONA  PRODUCED  BY  CONTINUOUS 
POTENTIALS* 

BY  STANLEY  P.  FARWELL 


ABSTRACT  OF  PAPER 

This  paper  deals  with  an  experimental  investigation  of  the 
corona  around  small  wires  as  produced  by  continuous  potentials 
up  to  15,000  volts.  The  continuous  potentials  were  obtained 
from  a  series  of  500-volt  generators. 

The  wire  and  coaxial  cylinder  method  was  employed  for  a  num- 
ber of  experiments.  Critical  voltages  and  characteristic  poten- 
tial difference  and  current  curves  were  obtained  for  different  sized 
wires.  The  effect  of  lowering  the  pressure  in  the  cylinder  upon 
appearance  of  corona,  critical  voltage,  and  current,  was  studied. 
It  was  found  that  the  appearance  of  the  corona  depended  upon 
the  polarity  of  the  wire;  positive  polarity  gave  continuous  glow, 
while  discontinuous  beaded  appearance  characterized  the  nega- 
tive corona,  the  number  of  beads  being  a  function  of  the  pressure 
and  the  potential  difference  for  a  given  size  wire.  A  short  arc 
in  series  affected  the  nature  of  the  discharge  by  superimposing  a 
high-frequency  current  upon  the  direct  current.  Characteristic 
curves  were  taken  to  show  the  effect  of  varying  pressure,  mois- 
ture and  temperature.  An  increase  of  pressure  inside  the 
closed  cylinder  was  produced  by  the  application  of  a  potential 
difference  greater  than  the  critical  value;  this  increase  is  due  to 
ionization. 

Corona  in  the  case  of  parallel  wires  was  studied  by  taking 
characteristic  curves  and  exploring  the  field.  Field  exploration 
showed  anode  fall  of  potential  greater  than  cathode.  Corona  ac- 
companied by  mechanical  effects  on  wires;  deflection  on  both 
wires  and  circular  vibration  of  positive  wire. 


THE    DIRECT    CURRENT    CORONA 

IN  alternating-current  transmission  lines  at  very  high  volt- 
ages a  loss  occurs  by  dissipation  of  power  into  the  air. 
This  is  accompanied  by  luminosity  of  the  air  surrounding  the 
conductors,  and  to  this  glow  the  name  "corona"  has  been 
given.  Loss  begins  at  some  critical  voltage,  depending  on  the 
size  and  spacing  of  the  conductors,  etc.,  and  increases  very 
rapidly  above  this  voltage.  This  corona  effect  is  of  considerable 
importance,  as  it  involves  a  power  loss  of  some  magnitude  on 
long  lines  and  it  has  been  studied  by  Steinmetz,  Scott,  Ryan, 
Mershon,  Jona,  Peek,  Whitehead  and  others. 

The  corresponding  direct-current  case,  although  not  of  such 
immediate  importance,  is  yet  of  considerable  interest  in  view 
*  Manuscript  of  this  paper  was  received  October  5,  1914. 
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of  the  high-tension  direct-current  developments  on  the  conti- 
nent of  Europe.  The  only  work  of  much  importance  along  this 
line  has  been  done  by  Watson1  and  Schaffers.2  Watson  has 
carried  out  a  number  of  tests  of  wires  strung  axially  along  a 
cylindrical  tube  and  also  on  two  parallel  wires  out-of-doors. 
The  wires  used  were  of  various  diameters  between  0.70  mm. 
and  12.76  mm.  The  source  of  power  was  an  influence  machine 
of  special  design  and  large  output  and  would  give  any  potential 
required  up  to  70,000  volts. 

The  electric  stress  at  the  surface  of  a  wire  subjected  to  elec- 
tric potential  is  as  follows: 
Wire  in  cylinder: 

v 


1  0 

a  log,- 


Two  parallel  wires: 


a  log* 


where        V  =  potential   difference   between   wires,   or   between 

wire  and  cylinder, 
a  =  radius  of  wire, 
d  =  distance  apart  of  wires, 
b  =  radius  of  cylinder. 

Of  these  formulas,  the  first  is  exact,  while  the  second  is  only  ap- 
proximate, but  is  very  nearly  correct  for  ail  ordinary  cases  where 
a  is  small  compared  to  d,  and  the  wires  are  well  above  the  earth. 

The  value  Rmax  in  the  above  formulas  is  called  by  some 
writers  the  "critical  surface  intensity"  and  is  extensively  used 
in  expressing  the  results  of  tests.  It  has  been  well  established 
by  Watson,  Whitehead  and  others  that  this  critical  surface 
intensity  increases  very  greatly  as  the  radius  of  the  wire  de- 
creases. A  comparison  made  by  Whitehead  of  his  results  for 
this  intensity  in  the  case  of  alternating  potentials  with  the 
similar  values  deduced  by  Watson  for  continuous  potentials 
shows  that  for  a  given  size  of  wire  it  requires  the  same  voltage 
to  produce  corona  in  both  cases,  if  the  maximum  value  of  the 
alternating  potential  be  used. 

1.  Watson,  Electrician-London,  Vol.  63,  1909,  p.  828;  Vol.  64,  1909-10, 
pp.  707  and  776. 

2.  Schaffers,   Comptes  Rendus,  July  1913,  p.  203. 


1914]  FARWELL:  DIRECT-CURRENT  CORONA  1695 

For  the  case  of  a  wire  in  a  cylinder  Watson  found  some  differ- 
ences between  the  case  where  the  wire  was  positive  to  the  cylin- 
der and  when  it  was  negative  to  it,  these  differences  occurring 
both  in  the  appearance  of  the  corona  and  in  the  measurements 
relating  to  it. 

The  article  by  Schaffers  referred  to  above,  gives  the  results 
of  a  study  of  the  ionization  in  cylindrical  fields,  using  wires  of 
various  diameters  ranging  from  0.0006  cm.  to  0.70  cm.  in  tubes 
ranging  from  0.70  cm.  to  11.7  cm.  in  diameter.  He  says  nothing 
of  the  source  of  potential  used  or  of  the  appearance  of  the 
coronas.  He  finds  that  for  the  larger  size  wires  the  positive 
corona  appears  at  a  lower  voltage  than  the  negative  and  that 
for  the  smaller  sizes,  the  reverse  is  true,  the  radius  0.01  cm. 
separating  these  two  regions.  Another  conclusion  reached  by 
this  investigator  is  that  the  nature  of  the  material  of  the  wire 
is  without  effect  upon  the  coronal  voltage,  at  least  if  the  wires 
are  not  very  fine. 

When  this  investigation  was  undertaken,  there  was  no  physical 
theory  advanced  which  explained  the  phenomena  observed. 
During  the  progress  of  this  work,  however,  two  theories  were 
published,  one  by  Bergen  Davis  (PROC.  A.I.E.E.,  April,  1914, 
p.  529)  the  other  by  J.  E.  Townsend  (Phil.  Mag.,  May,  1914,) 
which  try  to  explain  the  phenomena  by  ionizacion  through 
collision.  Both  theories  neglect  the  influence  of  light  and  a 
number  of  phenomena  that  have  been  discovered  in  the  present 
investigation. 

In  view  of  the  scarcity  of  certain  data  as  to  the  corona  at 
continuous  potentials,  the  object  of  the  work  described  in  this 
paper  has  been  to  extend  our  experimental  knowledge  in  this 
direction. 

DETAILS  OF  EXPERIMENTAL  APPARATUS 

The  source  of  the  continuous  potentials  employed  was  a 
battery  of  small  continuous-current  generators  connected  in 
series.  There  were  thirty  of  these,  each  rated  as  follows: 
Amperes,  0.5;  watts,  250;  speed  1700;  volts,  500;  shunt -wound. 
The  potential  available,  then,  was  15,000  volts  when  the  ma- 
chines were  run  at  normal  voltage. 

These  generators  were  arranged  in  two  sets,  one  of  twenty 
machines  and  the  other  of  ten.  The  generators  were  self- 
excited  and  could  be  put  into  service  by  closing  a  small  knife- 
switch  in  each  field  circuit.  Voltage  control  was  obtained  in 
this  manner  and  by  controlling  the  speed  of  the  set  by  field 
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control  of  the  driving  motor.  A  fine  adjustment  of  voltage 
was  obtained  by  means  of  a  rheostat  in  the  field  circuit  of  one 
of  the  generators.  The  series  connection  between  the  ma- 
chines was  permanent. 

The  diagram  of  connections  in  Fig.  1  is  self-explanatory. 
The  apparatus  labeled  "Short  Arc"  consists  of  an  air-gap 
between  the  head  of  a  tack  and  a  copper  wire.  This  spark- 

Mo ' chine  Terminals 

+ 
— o        •   O 


I    Mercury  Switch 
t=j 


Ground 


Kelvin  Voltmeter 
0-20,000 


Water 
Resistance 


FIG.  1 — DIAGRAM  OF  CONNECTIONS 


gap  could  be  cut  out  of  the  circuit  by  closing  a  shunt  around 
it.  Special  care  was  taken  in  setting  up  the  apparatus  to  thor- 
oughly insulate  it  from  the  ground,  except  that  the  negative 
terminal  of  the  generating  apparatus  was  grounded,  in  order 
to  minimize  the  danger  from  shock. 

The  voltage  between  the  busbars  and  hence,  with  sufficient 
accuracy,  the  difference  of  potential  impressed  upon  the  corona 
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apparatus,  was  measured  by  means  of  electrostatic  voltmeters. 
For  the  lower  ranges  an  instrument  was  employed  having  a 
range  of  3500  volts  and  accurate  to  within  one  per  cent. 
This  conclusion  was  reached  by  comparing  its  indications  with 
those  obtained  by  adding  the  voltages  of  the  machines  used  as 
given  by  a  750- volt  direct-current  portable  voltmeter  which  had 
been  carefully  calibrated. 

For  the  measurements  of  the  higher  differences  of  potential 
a  vertical  type  Kelvin  electrostatic  voltmeter  was  used.  This 
instrument  had  three  ranges  of  5000,  10,000,  and  20,000  volts 
which  could  be  secured  by  hanging  the  proper  weights  from 
a  lug  at  the  bottom  of  the  needle.  Only  the  10,000  and  20,000 
ranges  were  used.  The  lower  part  of  the  10,000  range  was 
calibrated  by  the  same  method  as  for  the  lower  range  voltmeter 
as  well  as  by  measuring  the  voltages  indicated  by  the  portable 
voltmeter  when  a  high  resistance  was  inserted  in  series  with  it. 
This  high  resistance  was  made  of  a  tMube  containing  alcohol 
into  which  two  platinum  wires  dipped.  This  resistance  was 
kept  from  heating  by  immersing  it  in  a  mixture  of  ice  and  water. 
Under  these  conditions  the  resistance  was  very  constant  for 
the  small  currents  used. 

The  higher  ranges  of  this  voltmeter  were  calibrated  by  refer- 
ence to  an  attracted  disk  electrometer.  This  instrument  had 
a  disk  5.5  cm.  in  diameter.  The  aperture  of  the  guard-ring  was 
5.9  cm.  in  diameter  and  the  outside  diameter  of  the  guard  ring 
was  16.0  cm.  A  separation  of  1.5  cm.  was  used  between  the 
disk  and  the  lower  plate. 

Due  to  the  non-uniformity  of  the  field  at  the  edge  of  the 
disk,  an  edge  correction  must  be  applied  to  the  indications  of 
the  electrometer.  This  edge  correction  is  treated  by  Maxwell 
in  Vol.  1  of  his  "Electricity  and  Magnetism"  and  the  con- 
clusions reached  are  briefly  as  follows: 
Let 

R  =  radius  of  disk 

Rf  =  radius  of  aperture 

D  =  distance  between  plates 

A  =  effective  area  of  disk 

a  =  0.220635  (R'—R) 

W  =  wt.  in  grams  to  balance. 
Then 
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where 

A  =  I 

Using  the  numerical  constants  of  the  instrument  as  given 
above,  there  results: 

a  =  0.044 

A  =  25.474  sq.  cm  . 


We  may  write  V  =  k       w,  wtere  k  is  the  constant 


Then  k  =  13,992.3.  By  a  similar  series  of  operations  we  find 
that  for  plates  1  cm.  apart,  k  =  9357.6. 

By  use  of  the  value  k  =  14,000,  which  is  nearly  enough 
correct,  the  values  of  W  to  balance  for  different  voltages  were 
calculated  and  a  test  run  to  determine  how  closely  these  values 
checked  with  the  actual  weights  required  for  a  balance  when 
the  voltages  indicated  by  the  electrostatic  voltmeter  were 
impressed.  A  consideration  of  these  figures  with  due  regard 
to  the  accuracy  of  the  determinations  led  to  the  final  calibration. 

D' Arson val  galvanometers  were  used  to  measure  the  dis- 
charge currents  obtained  with  the  various  pieces  of  corona 
apparatus.  Most  of  the  characteristic  curves  were  taken  with 
a  very  sensitive  galvanometer  which  had  a  small  coil,  a  resist- 
ance with  connecting  wires  of  326.0  ohms,  and  was  practically 
dead-beat.  For  the  later  moisture  and  pressure  determina- 
tions which  extended  over  some  days,  a  less  sensitive  instru- 
ment was  used.  This  had  a  heavier  coil,  a  resistance  with 
connecting  wires  of  849.5  ohms  and  a  period  of  six  seconds. 
Its  figure  of  merit  was  about  five  times  thai:  of  the  first  instru- 
ment. 

The  figure  of  merit  of  these  galvanometers  was  delermined 
from  time  to  time,  using  accurate  resistances  of  high  value 
and  as  a  source  of  e.m.f.  either  a  dry  ceil  or  a  standard  cell. 
In  the  case  of  the  dry  cell,  its  e.m.f.  was  determined  from  the 
indications  of  an  accurate  laboratory  standard  voltmeter. 
An  Ayrton  universal  shunt  was  used  in  connection  with  the 
galvanometer.  This  shunt  box  had  five  coils  connected  be- 
tween contact  points. 
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PRELIMINARY  EXPERIMENTS 

When  this  work  was  first  undertaken,  it  was  not  apparent 
from  the  limited  literature  of  the  subject  what  one  might  expect 
in  the  way  of  coronal  phenomena  which  might  be  produced 
by  potentials  up  to  the  total  voltage  of  the  generating  sets, 
namely  15,000  volts.  No  glow  could  be  obtained  between 
flat  plates;  only  an  arc.  Then  an  investigation  was  begun 
to  find  out  what  kind  of  terminals  would  have  corona  produced 
between  them  by  the  comparatively  low  voltage  available. 

A  brass  rod,  0.637  mm.  in  diameter,  was  located  axially 
along  a  tube  4.45  cm.  in  diameter  and  the  full  voltage  of  the 
sets  was  impressed.  No  effect  was  visible.  Then  provision 
was  made  for  exhausting  the  tube,  and  at  about  one-quarter 
atmosphere  a  discharge  took  place.  This  took  the  form  of 
brilliant  radial  purple  arcs  terminating  in  bright  blue  "stars" 
on  the  walls  of  the  tube.  These  arcs  were  in  constant  motion 
around  the  wire  and  along  the  tube  and  reminded  one  of  a  pin- 
wheel.  A  fairly  large  size  wire  was  substituted  for  the  rod  and 
still  no  corona  could  be  obtained  at  atmospheric  pressure. 

Recourse  was  next  had  to  large  influence  machines.  It  was 
known  that  the  silent  discharge  between  points  was  of  the  same 
nature  as  the  corona  between  wires  and  it  was  reasoned  that 
if  the  e.m.f.  of  an  influence  machine  were  impressed  between 
small  parallel  wires,  a  discharge  would  take  place  between  them. 
Two  bare  No.  40  wires  were  stretched  parallel  to  one  another 
and  a  few  centimeters  apart,  and  a  silent  discharge  was  found 
to  take  place  between  them.  The  appearance  of  the  discharge 
was  at  once  seen  to  depend  upon  the  polarity.  The  discharge 
was  discontinuous,  small  brushes  on  the  negative  wire  corres- 
ponding to  sections  of  uniform  glow  on  the  positive  wire.  The 
brushes  were  in  a  more  or  less  constant  movement  back  and 
forth  along  a  short  path,  but  they  appeared  to  be  more  or  less 
evenly  spaced  along  the  wires.  It  was  also  noticed  that  the 
wires  vibrated  and  that  the  negative  wire  bowed  in  toward 
the  positive,  which  bowed  away  from  the  negative.  It  was  as 
though  a  wind  were  blowing  across  the  wires. 

Another  experiment  was  tried  with  a  No.  40  wire  above  a 
sheet  of  tinfoil.  With  this  arrangement  and  wire  positive,  a 
continuous  glow  appeared  along  the  wire,  while  when  the  wire 
was  negative  the  discontinuous  brush  discharge  appeared  again. 
Vibrations  were  also  noticed  with  this  apparatus. 

A   mandolin   steel    "72"    string,   0.24   mm.   in   diameter   was 
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strung  along  the  axis  of  a  brass  tube  of  about  3  cm.  diameter 
and  the  wire  and  tube  were  connected  to  opposite  polarities 
of  the  influence  machine.  If  the  wire  was  positive,  a  continuous 
bluish  glow  of  markedly  uniform  appearance  appeared  along 
the  wire.  When  the  wire  was  negative,  the  discharge  was  in 
constant  movement  and  seemed  to  consist  of  countless  purple 
streamers  or  brushes.  There  seemed  to  be  no  appearance  of 
regularity  of  spacing  of  isolated  brushes. 

When  these  tests  were  run  it  was  noticed  that  the  main  dis- 
charge knobs  on  the  machine  cdlild  be  moved  together  until 
they  almost  touched  before  a  spark  would  pass.  This  indicated 
that  the  difference  of  potential  between  the  parallel  wires, 
for  example,  could  not  be  very  high,  not  over  10,000  volts  per- 
haps. This  fact  suggested  that  similar  discharges  with  small 
wires  should  be  produced  by  the  continuous  potentials  from  the 
generating  sets.  So  the  experiments  were  carried  out  again 
and  it  was  found  that  the  same  effects  were  produced  by  the 
generators. 

The  crude  tube  apparatus  was  fastened  to  a  board  by  means 
of  nails  driven  into  the  wood  and  bearing  against  the  wall  of 
the  tube.  Connection  was  made  to  the  tube  by  wrapping  a 
wire  around  one  of  these  wires.  This  wire  became  loose  and 
separated  0.01  inch  or  so  from  the  tube.  The  consequence  was 
that  a  short  arc  was  established  between  the  wire  and  the  tube. 
The  presence  of  the  arc  caused  a  marked  difference  in  the  char- 
acter of  the  positive  discharge.  With  a  potential  difference 
of  about  8000  volts  and  the  wire  positive  to  the  tube,  a  very 
active  discharge  took  place  between  the  wire  and  tube.  The 
whole  tube  appeared  filled  with  a  bluish  glow  particularly  bril- 
liant around  the  wire,  where  an  uneven  effect  was  apparent, 
resembling  a  brush  discharge.  The  discharge  was  unstable 
and  variations  in  the  arc  produced  marked  variations  on  the 
discharge.  After,  the  bluish  glow  had  continued  for  some 
minutes,  the  nature  of  the  discharge  became  suddenly  different. 
Purple  arcs  appeared,  of  much  the  same  nature  as  those  men- 
tioned above  in  connection  with  the  discharge,  from  a  rod  at 
low  pressure.  After  a  while  the  discharge  would  resume  its 
former  character  and  then  the  process  wotild  repeat.  The  arc 
between  the  nail  and  tube  appeared  bluer  while  the  whirl-i-gig 
discharge  was  going  on.  A  small  wire  was  slipped  in  to  bridge 
the  gap  between  nail  and  tube  and  then  the  discharge  became 
merely  a  faint  blue  glow  of  a  uniform  nature,  apparent  only  in 
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the  immediate  vicinity  of  the  wire.  With  the  gap  closed 
the  wire  negative,  an  entirely  different  discharge  took  place. 
Small  purple  brush-like  discharges  were  clustered  irregularly 
along  and  around  the  wire  and  these  held  their  positions  fairly 
constant.  When  the  arc  was  again  introduced,  the  discharge 
appeared  somewhat  dimmer,  although  keeping  its  nature  about 
the  same,  as  far  as  could  be  seen  by  looking  from  the  end  of  the 
tube. 

CHARACTERISTIC  CURVES  AT  ATMOSPHERIC  PRESSURE 
In  order  to  study  the  influence  of  diameter  of  wire  upon 
critical  voltage  and  discharge  current,  a  number  of  different 
sizes  of  bare  wire  ranging  from  No.  40  to  No.  10,  copper,  were 
obtained  from  the  manufacturers  and  an  apparatus  was  con- 
structed in  which  the  tests  could  be  carried  out.  This  apparatus 
consists  essentially  of  a  brass  tube  4.45  cm.  in  internal  diameter, 
well  insulated  from  its  support  and  provided  with  means  for 
accurately  and  tightly  stretching  a  wire  along  its  axis.  The 
tube  was  provided  with  a  small  branch  tube  through  which 
the  air  could  be  exhausted.  The  centering  of  the  wire  was 
accomplished  by  passing  it  over  hard-rubber  bridges  in  which 
there  were  notches  axially  located  with  respect  to  the  tube  and 
stretching  it  tightly  by  means  of  a  mandolin  tension-head. 
In  order  to  limit  definitely  the  length  of  the  wire  from  which 
a  discharge  could  take  place,  glass  plates  were  sealed  to  the 
ends  of  the  tube  and  the  wire  passed  through  holes  in  them 
about  3  mm.  in  diameter.  For  most  of  the  characteristic  volt- 
age-current curves,  the  exhaust  tube  and  the  holes  in  the  plates 
were  left  open  and  the  air  in  the  tube  had  the  same  constitution 
as  that  in  the  room,  at  least  at  the  beginning  of  the  test. 

In  order  to  make  sure  that  no  current  would  flow  through 
the  apparatus  except  that  through  the  air,  a  small  wire  was 
arranged  so  that  the  tube  was  in  the  same  condition  as  for  a 
test  except  that  none  of  the  wire  extended  inside  of  the  cylinder. 
Then  differences  of  potential  were  applied  up  to  10,000  volts 
and  the  currents  measured.  It  was  found  that  even  at  the 
highest  voltage  the  current  was  insignificant. 

For  the  first  wires  tested,  a  start  was  made  at  a  low  voltage 
and  the  currents  taken  by  small  increments  on  the  way  up. 
It  was  soon  found  that  the  current  flowing  was  negligible  until 
the  voltage  approached  that  necessary  for  a  visible  glow  and 
therefore  later  tests  were  started  at  a  voltage  somewhere  near 
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the  critical  voltage.     For  each  voltage  the  deflection  of  the  gal- 
vanometer was  read  for  both  polarities  of  the  wire. 

When  the  wire  was  positive  and  the  voltage  neared  that 
necessary  to  cause  a  visible  glow,  a  very  marked  jump  of  the 
deflection  would  occur  and  a  further  increase  of  the  voltage 
caused  the  current  to  increase  very  rapidly.  The  voltage  at 
which  this  sudden  increase  of  the  deflection  took  place  was 
called  the  "critical  voltage."  "Visible  glow"  was  taken  to 
mean  the  first  appearance  of  light  in  the  case  of  the  wire  positive. 
This  glow  appeared  suddenly  for  all  but  the  smallest  wires, 
in  which  case  the  dimness  of  the  glow  made  it  hard  to  tell  just 
where  the  limit  of  visibility  was. 
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FIG.  2 — CHARACTERISTIC:  SILVER  WIRE  0.037  MM.  DIAMETER 

Tube  4.45  cm.  diameter,  25cm.  long;  temperature  26.7  deg.  cent.;  relative  humidity 
45.3  per  cent;  barometric  pressure  736.48  mm. 

As  has  been  noted,  the  presence  of  .dirt  or  dust  particles  on 
the  wire,  when  negative,  has  a  marked  effect  upon  the  discharge. 
Often  a  spot  or  two  on  the  wire  would  glow  long  before  the 
wire  as  a  whole  was  luminous.  Due  to  this  fact  there  is  no 
definite  critical  voltage  as  in  the  case  of  the  positive  polarity, 
for  the  initial  jump  of  the  deflection  is  much  a  matter  of  chance. 
But  as  the  voltage  is  increased,  there  occurs  a  critical  voltage 
at  which  a  flickering  glow  can  be  seen  along  the  wire  preliminary 
to  the  spreading  of  the  discharge  from  a  few  spots  over  the 
whole  wire.  This  phenomenon  occurs  at  a  definite  voltage 
for  a  given  size  wire  and  it  is  this  voltage  which  is  given  in  the 
tables  under  "visible  glow"  for  the  negative  polarity. 
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Readings  of  wet  and  dry  bulb  thermometers  and  an  aneroid 
barometer  were  taken  for  each  test  and  the  per  cent  relative 
humidity  was  calculated.  The  barometer  was  checked  from 
time  to  time  by  reference  to  a  very  accurate  mercurial  ba- 
rometer. 

The  silver  wire  used  in  these  tests  was  really  silver  wire  with 
a  platinum  core,  known  as  "Wollaston"  wire.  This  wire  was 
used  both  in  its  original  state,  diameter  0.0517  mm.  and  with 
some  of  the  silver  dissolved  off,  giving  wires  of  average  diameter 
0.027  and  0.037  mm. 

The  tungsten  wire  was  of  the  sort  used  in  25  watt  lamps. 
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FIG.  3— CHARACTERISTIC:  No.  40  B.   &.   S.  COPPER  WIRE,  0.077  MM. 

DIAMETER 

Tube  4.45  cm.  diameter.  25  cm.  long;  temperature  25  deg.  cent.;  relative  humidity 
41.6  per  cent;  barometric  pressure  745.3  mm. 


The  diameters  of  the  very  small  wires  were  obtained  by  the 
use  of  a  microscope  fitted  with  a  stage  ruled  with  parallel  lines. 

VARIATION  OF  CRITICAL  VOLTAGE  AND  GLOW  VOLTAGE 
Tables  1  and  2  give  data  on  critical  voltages  and  the  voltages 
required  to  produce  continuous  visible  glow  for  wires  of  dia- 
meters ranging  from  0.027  mm.  up  to  1.28  mm.  and  are  plotted 
in  Fig.  2.  Similar  tables  for  Figs.  3,  4  and  5  are  emitted.  A 
study  of  this  data  showed  the  following  facts: 

a.  For  the  smaller  sizes,  the  critical  voltage  is  considerably 
lower  than  the  glow  voltage,  showing  quite  a  current  exists 
before  a  luminous  discharge  occurs.  This  applies  for  wire 
positive. 
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TABLE   1. 

Silver  Wire  —  Diameter      0  .  027  mm. 
Temperature  2li  .  6  deg.  cent. 

Relative  Humidity        54  .4  per  cent. 
Barometiic  Pressure  741  .  55 


Critical 
Voltage 
Visible 
Glow  .  . 


2100  1880 

.  .  2720  2520 


Potential 
Difference 

Galv.    defl.    in    mm. 

+ 

Shunt      Factor 

+ 

Current  in  10-4  amp. 
+ 

1750 

1.1               1.2 

1.0            1.0 

0.000032     0.000035 

2100 

25.0            60.0 

1.0            1.0 

0.00072       0.00173 

2500 

66  .  7            50  .  7 

1.0          11.09 

0.00192       0.0162 

2800 

137.0          101.0 

1.0          11.09 

0.00394        0.0322 

3000 

18.2          147.0 

11.09        11.09 

0.0058          0.0469 

3200 

33.0            21.1 

11.09      110.9 

0.0105          0.0674 

3500 

101.0            36.7 

11.09      110.9 

0.0322          0.117 

3860 

30  .  9            69  .  0 

110.9        110.9 

0.0986          0.220 

4350 

66.2          122.8 

110.9        110.9 

0.212            0.392 

4920 

114.8            18.4 

110.9          1109 

0.335            0.588 

5950 

23.9            35.2 

1109          1109      - 

0.763            1.12 

7000 

39  .  4            56  .  7 

1109          1109 

1.26              1.81 

8000 

60  .  7           87  .  5 

1109          1109 

1.94              2.80 

9100 

82.0         113.0 

1109          1109 

2.62             3.61 

wire  broke 

Wire  rough:  0.027  is  average  of  many  readings. 
Figure  of  merit  of  galvanometer  2.88  X  10~9  amp.  per  mm. 

TABLE  2. 

Silver  Wire — Diameter  0 . 037  mm. 
Temperature  26 . 7  deg.  cent. 

Relative  Humidity        45.3  per  cent . 
Barometric  Pressure  736.48mm. 


Critical 
Voltage .  . 
Visible 
Glow .  . 


. .3100 


. . 3380 


2200 


3230 


Potential 
Difference 

Galv.  defl.  in  mm. 

+ 

Shunt      Factor. 

+ 

Current  in  10~4  amp. 

+ 

2150 

1.5              2.1 

1.0          1.00 

0.00004        0.00006 

3000 

4.0          117.0 

1.0        11.09 

0.00011        0.0374 

3500 

85.7            39.3 

11.09      110.9 

0.0274          0.126 

3650 

117.7            53.3 

11.09      110.9 

0.0565          0.170 

3860 

29.0            68.8 

110.9        110.9 

0.0926          0.220 

4350 

68.8          127.7 

110.9        110.9 

0.220            0.407 

4920 

114.3          172.7 

110.9        110.9 

0.365            0.551 

5950 

242.0            34.4 

110.9          1109 

0.773            1.10 

7000 

41.0            56.0 

1!09          1109 

1.31               1.79 

8000 

64  .  0            84  .  0 

1109          1109 

2  .  04              2  .  68 

9100 

94.7          131.0 

1109          1109 

3.02              4.18 

10000 

121.7            21.0 

1109        11090 

3  .  88              6.7 

12075 

23.0            58.7 

11090        11090 

7.35              18.8 

14000 

.  .  .    wire  broke  — 

arc. 

Figure  of  merit  of  galvanometer  2.88   X  10-9  amp.  per  mm.  defl. 
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b.  The  smallest  size  for  which  there  is  no  current  for  wire 
positive  before  glow  appears  is  No.  36,  diameter  0.136  mm. 

c.  For  sizes  larger  than   No.   36,   current   and  glow  appear 
simultaneously,  for  wire  positive. 

d.  For  wires  from  about  No.  26  up  for  the  negative  polarity, 
the  current  and  the  visible  glow  appear  simultaneously,  as  a 
general  rule. 

Fig.  6  gives  curves  showing  the  variation  of  the  glow  volt- 
ages with  the  radius  of  the  wire.  From  these  curves  the  follow- 
ing conclusions  can  be  drawn: 
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I          5          5         7          9         II 
KILO  VOLTS 

FIG.  4—  CHARACTERISTIC:   No.   36  B.   &  S.   COPPER  WIRE,   0.135  MM. 

DIAMETER 

Tube  4.45  cm.  diameter,  25  cm.  long;  temperature  25  deg.  cent.;  relative  humidity 
45  per  cent;  barometric  pressure  733.85  mm. 


e.  For  the  smaller  sizes,  the  negative  glow  appears  before 
the  positive. 

/.  For  the  larger  sizes  the  positive  glow  appears  before  the 
negative. 

g.  The  diameter  0.075  mm.  is  the  boundary  between  these 
two  regions. 

Schaffers  has  noted  this  crossing  of  the  curves  for  the  start- 
ing points  of  the  positive  and  negative  corona  and  he  gives 
0.01  cm.  radius  as  the  boundary  value  between  the  two  regions. 
He  does  not  specify  what  he  considered  as  the  starting  point 
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of  the  negative  corona  and  therefore  it  is  not  practicable  to 
compare  his  value  with  that  given  above. 

VARIATION  IN  THE  NATURE  OF  CORONA 

During  the  tests  for  the  characteristic  curves  a  close  watch 
was  kept  over  the  appearance  of  the  corona,  and  there  are 
given  below  some  of  the  characteristic  changes  and  phenomena 
which  were  noted. 

For 'the  entire  range  of  diameters  there  was  very  little  change 
in  the  appearance  of  the  positive^  corona,  except  for  an  increase 
in  brightness  with  the  voltage.  It  always  presented  a  quiet, 
uniform,  continuous,  bluish  glow.  For  high  voltages  the  open- 


13         14        15 

S.    COPPER   WIRE,   0.41    MM. 


&         9         10         II         12 
KILO  VOLTS 

FIG.  5— CHARACTERISTIC:   No.   26   B.   & 

DIAMETER 

Tube  4.45  cm.  diameter,  25  cm.  long;  temperature  26  deg.  cent.;  relative  humidity 
29.2  per  cent;  barometric  pressure  746.86  mm. 


ing  and  closing  of  the  circuit  was  attended  by  a  flash  of  bluish 
light  in  the  tube  and  if  care  was  not  taken  to  perform  these 
operations  quickly,  there  was  likelihood  of  an  arc  starting  be- 
tween the  wire  and  the  tube,  with  the  result  that  the  wire,  if 
it  was  small,  was  burned  in  two. 

There  was  considerable  change,  however,  in  the  appearance 
of  the  negative  corona  with  increase  of  diameter  and  voltage. 
The  negative  corona  on  small  wires  starts  with  a  bright  spot 
or  two,  followed  by  a  mixture  of  bright  spots  and  brushes  as 
the  voltage  is  increased.  With  still  increasing  voltage  there 
is  more  of  a  continuous  brush-like  effect  and  the  discharge  be- 
comes quite  purple.  For  the  highest  voltages  the  corona  is 
brilliant,  purple,  continuous,  and  in  constant  movement.  For 
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the  smallest  sizes,  the  negative  corona  is  likely  to  take  the  form 
of  a  discharge  consisting  of  isolated,  more  or  less  evenly  spaced 
brushes.  Marked  regularity  of  spacing  has  often  been  observed. 
The  discharge  is  noiseless  for  wires  up  to  No.  26  (0.24  mm.) 
for  which  diameter  a  slight  hissing  appears.  As  the  diameter 
increases,  the  hissing  grows  louder  and  the  diameter  of  the 
corona  increases. 

In  the  case  of  the  larger  size  wires,  it  is  the  general  rule  for 
the  continuous  negative  brush  discharge  to  appear  immediately 
when  the  critical  voltage  is  reached.  , 

No  flash  at  make  or  break  of  the  circuit  was  observed  when 
the  wire  was  negative. 


15 
13 

ii 

129 


RADmcOFW1RFIO-2MM.FORGURVES  I 
REIO-'MM.FORGURVESII 

FIG.  6 — DIFFERENCE  OF  POTENTIAL  TO  CAUSE  CONTINUOUS  GLOW,  AS 
FUNCTION  OF  RADIUS  OF  WIRE 

Tube  4.45  cm.  diameter,  25  cm.  long. 

DISCUSSION   OF   THE    CHARACTERISTIC     CURVES 

A  critical  comparison  of  the  characteristic  curves  in  Figs. 
2  to  5  brings  out  the  following  points: 

a.  For  a  given  voltage,  the  current  increases  with  decrease 
of  diameter  of  the  wire  also  with  decreasing  pressure. 

b.  For  wires  smaller  in  diameter  than  No.  40  (0.077  mm.), 
the  current  for  negative  polarity  of  the  wire  is  always  greater 
than  for  positive  polarity. 

c.  In  the  case  of  No.  40  wire  the  currents  for  opposite  polar- 
ities coincide  very  accurately  for  a  small  rise  in  voltage  above 
the  critical  value,  and  then  the  negative  current  becomes  and 
remains  the  larger. 
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d.  For  sizes  larger  than  No.  40,  the  curves  for  the  two  polar- 
ities cross.     For  the  lower  voltages  the  positive  current  is  the 
greater  and  vice  versa  for  the  higher  voltages. 

e.  The    characteristic    curves    become    more    nearly    parallel 
to  the  current  axis  as  the  diameters  increase. 

Table  3  contains  the  critical  and  the  glow  voltage  as  functions 
of  the  radius  of  the  wire,  Table  4  the  glow  voltage  and  the 
maximum  electric  intensity  at  the  surface  of  the  wire  as  function 
of  the  radius.  While  with  increasing  radius  the  glow  voltage 
increases,  the  electric  intensity  E  at  the  surface  of  the  wire 
decreases.  Fig.  GA  shows  this  relation  graphically.  As  has 
been  found  by  previous  investigators  this  electric  force  E  can 

be 'represented  by  the  following  law  E  =  a  H -7=.      For  the 


264 
•224 


144 


104 


0      001 


002      0.05     0.04      0.05 

RADIUS  IN  CM. 
FIG.  GA 


smallest  wires,  there  are  deviations  from  this  formula,  as  we 
should  expect,  because  the  critical  voltage  and  the  glow  volt- 
age differ  from  each  other  and  as  very  probably  there  is  a  dis- 
tortion of  the  field  due  to  ionization  before  the  glow  sets  in  as 
in  the  case  of  two  parallel  wires.  For  the  positive  wire  we 
found  a  =  31.6  X  103;  b  =  8.47  X  108,  for  the  negative  wire 
a  =  35.0  X  103;  b  =  8.06  X  103. 

INFLUENCE  OF  PRESSURE  ON  CORONAL  CURRENT 
The  effect  of  variation  of  pressure  on  the  voltage  to  cause 
continuous  glow  was  studied  for  a  No.  26  wire  by  varying  the 
pressure  in  the  tube  from  768  mm.  down  to  2  mm.  and  the 
results  are  given  in  Table  5  and  shown  by  curves  in  Fig.  7. 
Below  about  20  mm.  pressure  it  was  found  impossible  to  get 
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a  negative  uniform   glow.     Instead   of  this  there   appeared  a 

series    of  beads  approximately  equally  spaced  along  the  wire. 

It  was  found  that  measurements  of  the  coronal  current  for 


TABLE  3. 

CRITICAL  DIFFERENCE  OF  POTENTIAL  TO  CAUSE  CONTINUOUS  GLOW  AS  FUNCTION  OF 

RADIUS  OF  WIRE. 


Radius  in 
mm. 

Material 

Critical 
Voltage 

Positive 
glow 

Critical 
Voltage 

Negative 
glow. 

0.0135 

Silver 

2100 

2720 

1880 

2520* 

0.0185 

Silver 

3100 

3380 

2200 

3230* 

0.0230 

Tungsten 

3380 

3500 

2800 

3300 

0.0258 

Silver 

3630 

3500 

0.0386 

No.  40  Copper 

3980 

4060 

3860 

4060 

0.0678 

"      36  Copper 

5120 

5140 

4350 

5320 

0.0825 

"     34  Copper 

5710 

6140 

0.120 

Steel  "  E  "  String 

6600 

6600 

6760 

6840 

0.130 

"     30  Copper 

7180 

7180 

7660 

0.205 

"      26  Copper 

8900 

8900 

9370 

9370 

0.325 

"      22  Copper 

9700 

10880 

11440 

11440 

0.385 

"      20  Copper 

11850 

11850 

12075 

12400 

0.512 

"      18  Copper 

13500 

13500 

14040 

14120 

0.642 

"      16  Copper 

14700 

14700 

15220 

15220 

*These  values  uncertain  on  account  of  dimness  of  glow. 


TABLE  4. 


R  cm. 

V+  volts. 

E  +  volts 
per  cm. 

E+calcul. 

I 
V—  volts. 

E—  volts 
per  cm. 

£  —  calcul. 

0.00135 

2720 

2.74  X   105 

2.62 

2520 

2.52X105 

2.55 

0.002185 

3380 

2.58 

2.29 

3230 

2.45 

2.23 

0.0023 

3500 

2.25 

2.09 

3300 

2.08 

2.04 

0.00258 

3630 

2.12 

1.99 

3500 

2.02 

1.94 

0.00386 

4060 

.66 

.67 

4060 

1.66 

1.65 

0.00678 

5140 

.31 

.34 

5320 

1.36 

1.33 

'•     0.00825 

5710 

.25 

.25 

(J140 

1.21 

1.21 

0.012 

6600 

.07 

.09 

6840 

1.09 

1.09 

0.013 

7180 

.07 

.06 

7660 

1  .14 

1.06 

0  .  0205 

8900 

0  .  93 

0.91 

9370 

0.99 

0.92 

0.0325 

10880 

0.80 

0.79 

11440 

0.83 

0.80 

0.0385 

11850 

0.77 

0.75 

12400 

0.79 

0.76 

0.0512 

13500 

0.71 

0.69 

14120 

0.73 

0.71 

0.0642 

14703 

0.65 

0.65 

15220 

0.64 

0.64 

the  same  wire  gave  different  results  on  different  days  and  it 
was  considered  advisable  to  find  out  the  influence  of  pressure 
for  a  range  around  atmospheric  pressure  in  order  that  the 
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current  readings  for  the  different  sizes  of  wire  might  be  reduced 
to  a  760  mm.  basis.  Therefore  a  series  of  characteristic  curves 
was  taken  for  different  pressures  with  dry  air  in  the  tube  to  do 
away  with  any  effect  which  might  be  due  to  the  moisture  in 
the  air.  Fig.  8  shows  the  results  obtained.  These  curves 
show  a  marked  increase  in  the  current  for  a  relatively  small 
decrease  in  the  pressure.  The  curves  also  show  an  unsym- 
metrical  spacing  which  suggests  the  presence  of  some  disturbing 
factor. 
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FIG.  7 — GLOW  VOLTAGE  AS  FUNC- 
TION OF  PRESSURE  IN  TUBE 

No.  26  B.  &  S.  copepr  wire,  diameter 
0.41  mm.;  tube  4.45  cm.  diameter,  25  cm. 
long  dry  air  at  25  deg.  cent,  in  tube. 


FIG.  8 — CHARACTERISTICS  FOR 
VARYING  PRESSURE 

No.  26  B.  &  S.  copper  wire,  diameter 
0.41  mm.;  tube  4.45  cm.  diameter,  25  cm. 
long;  dry  air  at  25  deg.  cent,  in  tube. 


In  a  number  of  preliminary  experiments  it  was  found  that 
it  was  no.t  possible  to  repeat  observations  if  the  tube  was  closed 
and  the  air  not  changed.  In  orde  r  to  do  away  with  any  pis- 
turbing  effects  due  to  moisture  in  the  air  and  possible  changes 
in  the  constitution  of  the  air  in  the  tube,  an  arrangement  was 
devised  for  supplying  dry  air  which  could  be  pumped  through  the 
tube  out  into  the  atmosphere.  The  air  was  dried  by  passing 
it  through  two  wash-bottles  containing  concentrated  sulphuric 
acid  and  then  through  a  tube  containing  soda-lime.  A  No.  40 
wire  was  strung  in  the  tube  and  as  the  atmospheric  pressure 
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varied  from  day  to  day,  series  of  readings  were  taken  as  given 
in  Table  7.  The  general  decrease  of  current  with  increase  of 
pressure  is  apparent.  The  readings  for  the  extreme  pressures 


TABLE  5. 

VARIATION  OF  CRITICAL  VOLTAGE  WITH  PRESSURE. 
No.  26  B.   &  S.  Copper  Wire.       Diameter  0.41  mm.  Dry  Air  at  25  deg.    cent. 


Potential  Difference  for  Continuous 

Pressure 

Glow 

+ 

- 

2.0 

720 

*580 

10.9 

940 

*870 

18.9 

1110 

1200 

53.2 

1770 

1920 

91.3 

2350 

2580 

173.5 

3450 

3750 

248.5 

4253 

4610 

334.8 

5120 

5520 

483.6 

6660 

7120 

616.6 

7800 

8330 

720.0 

8730 

9210 

746.0 

8980 

9530 

768.3 

9100 

9640 

No  continuous  glow  obtainable — voltage  is  that  of  formation  of    beads. 


TABLE  6. 


p 

in     mm. 

v— 

in  volts. 

jj  

in  volts  per 
cm  X  104 

v— 

E— 

E 

average 

E 

calculated 

2. 

720 

0.765 

580 

0.615 

0.69 

0.36 

10.9 

940 

0.998 

870 

0.925 

0.96 

0.85 

18.9 

1110 

l'.  18 

1200 

1.275 

1.22 

1.14 

53.2 

1770 

1.88 

1920 

2.04 

1.96 

2.01 

91.3 

2350 

2.50 

2580 

2.74 

2.62 

2.72 

173.5 

3450 

3  .  60    . 

3750 

3.99 

3.79 

3.97 

248.5 

4250 

4.51 

4610 

4.90 

4.71 

4.87 

334.8 

5120 

5.42 

5520 

5.86 

5.63 

5.83 

483.6 

6660 

7.08 

7120 

7.55 

7.31 

7.36 

616.6 

7800 

8.29 

8330 

8.85 

8.57 

8.60 

720.0 

8730 

9.28 

9210 

9.80 

9.54 

9.21 

746.0 

8980 

9.51 

9530 

10.1 

9.80 

9.70 

768.3 

9100 

9.67 

9640 

10.2 

9.93 

9.89 

735  mm.  and  754  mm.  are  shown  in  Fig.  9.  These  curves  show 
quite  a  regular  variation  in  the  effect  of  pressure  with  a  tend- 
ency toward  a  greater  effect  upon  the  current  for  negative 
polarity.  This  regularity  would  seem  to  indicate  that  the 
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discordant  results  obtained  in  the  preliminary  experiments  were 
due  to  the  presence  of  other  factors  than  mere  change  of  the 
pressure. 

To  determine,  what  effect  if  any,  the  confining  of  air  in  a 
closed  tube  had  upon  the  coronal  current  a  series  of  tests  was 
run  under  constant  pressure  with  various  conditions  as  to  the 
closing  of  the  tube,  the  renewal  of  the  air,  etc.  The  erratic 
results  follow  no  evident  relations  and  indicate  that  confine. 


TABLE  7. 

EFFECT  OF  PRESSURE. 
No.  40  B.  &  S.  Copper  Wire.      Diameter  0.077  mm. 

in 
Tube  of  Diameter  4.45  cm.;  length  25.0  cm. 

Dry    Air    in    Tube. 
Currents    in    10~4    amp. 


Potential 
Dif- 
ference 

735  mm. 

+ 

738  mm. 

+ 

749.0 

+ 

754.0 

+ 

4000 

0.00025  0.00030 

0.0000760.000051 

0.000015  0.000015 

0.000015  0.000015 

5000 

0.205       0.176 

0.181       0.210 

0.150         0.169 

0.150         0.169 

6000 

0.553       0.676 

0.557       0.703 

0.468         0.611 

0.468         0.602 

7000 

1.06          1.34 

1.06         1.35 

0.859          1.17 

0.900         1.16 

8000 

1.76         2.28 

1.73         2.32 

1.38            1.90 

1  .  53           2  .  02 

9000 

2.58         3.35 

2  .  53         3  .  25 

2.15           2.86 

2.28           2.90 

10000 

3.45         4.49 

3.43         4.52 

2.81            3.71 

2.99           3.77 

12000 

6.24         7.64 

6.15         8.16 

5.17           6.51 

5.40           6.83 

Positive   Corona  Appearance. 

4-                      .        735 

738                                749 

754 

Jump                .      4080 

4100                               4100 

4100 

Visible  4150 

4160                               4110 

4150 

Figures  for  738.00  mm.  are  average  of  three  tests. 


ment  of  the  air  has  a  great  effect  upon  the  coronal  current  and 
also  upon  the  critical  and  visible  glow  voltages.  Such  an 
effect  does  not  appear  strange  when  one  thinks  of  the  quantities 
of  ozone  formed  and  p'ossibly  other  products,  which,  when, 
the  tube  is  closed,  must  remain  inside  and  thus  change  the 
character  of  the  gas  to  a  considerable  extent.  It  must  be  con- 
cluded from  these  tests  that  it  is  unsafe  to  compare  results 
obtained  in  a  closed  tube  with  those  obtained  where  there  is 
a  plentiful  supply  of  fresh  air. 
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INFLUENCE  OF   MOISTURE 

In  connection  with  the  apparatus  for  the  supply  of  dry  air 
to  the  tube,  an  arrangement  was  devised  whereby  air  could 
be  drawn  from  the  room  through  the  tube.  The  humidity  of 
such  air  was  given  by  calculation  from  the  readings  of  wet  and 
dry  bulb  thermometers.  Parallel  sets  of  readings  were  taken 
from  day  to  day  of  the  current  flowing  when  dry  air  was  pumped 
continuously  through  the  tube  and  when  air  from  the  room  was 
sucked  through  before  each  reading.  The  readings  and  the 
comparative  characteristics  for  735  mm.  pressure  and  relative 
humidity  69  per  cent  are  shown  in  Fig.  10.  These  curves  in- 
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FIG.  9 — CHARACTERISTIC  AS  INFLUENCED  BY  PRESSURE 

No.  40  B.   &  S.  copper  wire,  0.077  mm.  diameter;  tube  4.45  cm.  diameter,  25  cm. 
long;  dry  air  at  25  deg.  cent,  forced  through  tube. 


dicate  a  regular  effect  due  to  moisture,  with  a  tendency  for  the 
decrease  of  current  by  humidity  to  be  greater  for  negative 
polarity  of  the  wire.  The  decrease  of  current  by  the  presence 
of  moisture  is  well  known  and  these  results  bear  out  this  effect. 

To  determine  whether  the  presence  of  moisture  in  the  air 
has  an  effect  upon  the  critical  voltage,  a  test  was  run  as  follows 
under  a  pressure  of  736  mm.  and  humidity  68.5  per  cent: 

Air  was  sucked  through  the  tube  from  the  room  and  the 
voltage  was  noted  at  which  the  initial  jump  of  the  galvanometer 
occurred  for  wire  positive.  Then  the  positive  glow  voltage 
was  determined  and  next  the  negative  glow  voltage.  Then 
dry  air  was  pumped  through  the  tube  and  the  same  measure- 
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ments  were  taken.     An  average  of  two  sets  of  readings  on  the 
uncalibrated  low  scale  of  the  Kelvin  voltmeter  gave  the  results : 

Wet  Air  Dry  Air 

Positive  critical  voltage 4300  4190 

Positive  glow  voltage 4350  4260 

Negative  glow  voltage 4275  4370 

The  effect  of  moisture  is  then  to  raise  somewhat  the  start- 
ing point  of  the  positive  corona  and  act  in  the  opposite  way 
for  the  opposite  polarity. 

With  wire  negative  and  moisf  air  in  the  tube,  the  discharge 
begins  from  dim  spots  and  the  discharge  is  of  no  clearly  defined 
nature,  being  a  mixture  of  sections  of  continuous  glow  and 
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FIG.  10 — CHARACTERISTIC  AS  INFLUENCED  BY  HUMIDITY 

No.  40  B.  &  S.  copper  wire,  0.077  mm.  diameter;  tube  4.45  cm.  diameter,  25  cm.  long; 
dry  air  forced  through  tube  and  afterwards  air  from  room  drawn  through;  temperature 
25  deg.  cent.;  humidity  69  per  cent;  pressure  735  mm. 

bright  spots,  these  spots  being  immobile.  The  discharge  be- 
gins quite  differently  for  the  same  polarity  and  dry  air.  As 
the  voltage  is  increased,  suddenly  a  bright  spot  will  appear. 
Then  for  increasing  voltage  a  number  of  spots  appear  and  they 
are  regularly  spaced,  increasing  in  number  with  the  voltage. 
These  brushes  are  in  continual  movement  back  and  forth. 

The  effect  of  moisture  on  the  appearance  of  the  negative 
discharge  was  shown  by  the  following  experiment: 

The  tube  was  filled  with  moist  air  and  a  voltage  somewhat 
above  the  critical  value  was  impressed.  A  mixed  discharge 
resulted  as  described  above.  Then  a  current  of  dry  air  was 
started  through  the  tube  and  little  by  little  the  discharge  cleared 
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up  and  resolved  itself  into  a  line  of  uniformly  spaced  brushes 
which  were  in  continual  agitation.  If  moist  air  were  again 
admitted,  the  discharge  resumed  its  former  character. 

With  moist  air  in  the  tube  and  a  fairly  high  potential  differ- 
ence the  wire  vibrates  circularly  for  both  polarities,  describing 
a  torpedo-like  figure  of  revolution.  The  filling  of  the  tube  with 
dry  air  diminishes  considerably  the  amplitude  of  the  vibration 
for  wire  positive  and  stops  the  vibration  entirely  for  wire  nega- 
tive. 

INFLUENCE  OF  TEMPERATURE 

The  influence  of  temperature  upon  the  current  for  a  No.  36 
wire  in  a  closed  tube  under  a  pressure  of  760  mm.  was  deter- 
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FIG.  11 — CHARACTERISTIC  AS  INFLUENCED  BY  TEMPERATURE 

No.  36  B.  &  S.  copper  wire,  diameter  0.135  mm.;  tube  4.45  cm.  diameter,  25  cm.  long; 
tube  closed;  dry  air  in  tube  under  760  mm.  pressure. 

mined  for  the  range  from  15  deg.  to  25  deg.  cent,  and  the  results 
appear  in  Fig.  11.  The  lower  temperature  was  obtained  by 
placing  cloths  wet  with  alcohol  upon  the  tube  and  directing  a 
stream  of  air  from  a  fan  upon  it.  The  curves  indicate  that 
this  difference  of  temperature  makes  far  more  difference  in 
the  current  for  wire  negative  than  for  wire  positive,  both  currents 
showing  an  increase  for  increasing  temperature,  as  might  be 

expected. 

MATERIAL  OF  WIRE 

An  attempt  was  made  to  determine  the  effect  of  the  character 
of  the  surface  and  the  material  of  the  wire  in  the  following 
way.  A  characteristic  curve  was  obtained  for  a  bright  new 
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steel  mandolin  "  E  "  string  in  a  tube  open  to  the  air.  Then  the 
wire  was  dipped  into  a  solution  of  copper  sulphate  long  enough 
to  acquire  a  smooth  coating  of  copper  and  another  characteristic 
was  obtained.  Then  this  wire  was  amalgamated  and  another 
test  run.  A  piece  of  the  same  wire  was  dipped  into  Nitric  acid 
long  enough  to  roughen  it  without  appreciably  decreasing  its 
diameter  and  a  test  was  run  on  it.  Small  differences  were 
found  to  exist  in  the  characteristics  but  these  differences  were 
accountable  for  by  the  changes  in  humidity  and  pressure  during 
the  time  of  running  the  series  of  tests.  It  was  noticed  that  orig- 
inally polished  copper  wires  became  rough  on  the  surface  through 
the  action  of  the  corona. 

A  strong  electromagnet  was  arranged  with  its  poles  in  close 
proximity  to  a  tube  containing  a  wire  on  which  there  was  corona 
and  no  effect  upon  the  current  or  the  appearance  of  the  discharge 
could  be  detected,  both  for  discharges  at  atmospheric  pressure 
and  reduced  pressures. 

COMPARISON  WITH  PREVIOUS  INVESTIGATIONS 
The  starting  point  of  the  corona,  and  the  current,  depend 
on  the  radius  of  the  wire,  the  nature,  temperature,  pressure 
and  humidity  of  the  air.  The  corona  changes  the  chemical 
constitution  of  the  air,  hence  there  is  great  difficulty  in  formula- 
ting the  laws.  But  for  the  beginning  of  the  corona  and  relatively 
large  radii  Peek  and  Whitehead  have  found  very  neat  laws 
expressed  by  the  formula* 


E  = 

a  - 

31  5  fl  + 

0.308  1 

V8R-) 

273  +  / 

E  is  the  critical  electrical  intensity  at  the  surface  of  the  wire 
R  the  radius  in  cm.,  p  the  pressure  in  cm.  of  Hg.  and  /  the 
temperature  in  degrees  centigrade.  In  Table  6  the  critical 
electrical  intensity  has  been  calculated  by  means  of  this  formula 
and  the  agreement  between  the  calculated  and  the  average  elec- 
trical intensity  or  the  negative  value  is  quite  satisfactory  as 
far  down  as  5.32  cm.  of  mercury,  while  below  this  pressure  dis- 
crepancies are  noticeable. 

*J.  B.  Whitehead.      The  Electric  Strength  of  Air.     TRANS,  of  A.I.  E.  E. 
Vol.  XXXII,  1913,  p.  1317. 
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According  to  Whitchcad  the  electrical  intensity  E  is  inde- 
pendent of  moisture  content,  and  the  current  of  the  corona 
decreases  by  the  presence  of  moisture.  This  latter  statement 
agrees  with  our  observations,  but  for  the  fine  wires  used  in  this 
investigation  moisture  also  affects  the  starting  point  of  the 

corona. 

PRESSURE  DUE  TO  IONIZATION 

During  the  first  set  of  experiments  to  determine  the  influence 
of  the  pressure  upon  the  coronal  current  for  pressures  around 
atmospheric  it  was  noticed  that  when  the  potential  difference 
was  applied  the  manometer  connected  to  give  the  pressure  inside 
of  the  tube  showed  a  sudden  increase  of  pressure.  This  sudden 
increase  was  most  noticeable  for  the  highest  pressure  and 
amounted  to  a  centimeter  or  more.  Since  it  was  desired  to 
keep  the  pressure  in  the  tube  constant  a  carboy  was  connected 
to  the  tube  to  act  as  a  reservoir  of  large  capacity  and  prevent 
the  increase  of  pressure  from  reaching  any  noticeable  value. 

To  investigate  the  connection  between  this  increase  of  pressure 
and  the  potential  difference  impressed,  a  sensitive  U-tube  open 
manometer  was  constructed.  The  manometer  had  a  bore  of 
2.8  mm.  and  contained  a  light  mineral  oil  of  specific  gravity 
0.859.  It  was  connected  to  the  tube,  the  pressure  in  the  tube 
was  adjusted  to  atmospheric,  the  tube  was  sealed  up  and  the 
sudden  increase  of  the  pressure  was  noted  for  voltages  from 
those  necessary  to  produce  the  corona  up  to  those  causing  the 
maximum  jump  the  manometer  would  permit  without  forcing 
the  oil  out.  The  increases  were  noted  for  both  polarities  of  the 
wire.  Table  8  contains  data  relative  to  the  size  of  the  wire 
and  tube,  the  readings  observed  and  the  increases  of  pressures 
reduced  to  terms  of  millimeters  of  mercury.  Fig.  12  shows 
the  increase  of  pressure  plotted  against  potential  difference. 

For  the  positive  polarity  of  the  wire,  there  was  no  appreciable 
increase  of  the  pressure  until  the  corona  appeared.  When  the 
wire  was  negative,  the  presence  of  a  small  brush  or  two  caused 
the  level  of  the  columns  to  differ  appreciably  before  the  general 
discharge  appeared  along  the  wire. 

The  jump  for  wire  negative  was  greater  than  for  wire  positive 
for  the  greater  part  of  the  range  of  voltage  and  it  will  be  seen  that 
the  general  shape  of  the  curves  is  the  same  as  that  of  the  charac- 
teristic curves  for  the  same  size  of  wire  as  given  in  Fig.  11. 
Furthermore  by  comparing  the  numerical  values  of  the  currents 
and  increases  of  pressure  for  like  voltages  it  will  be  found  that 
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TABLE  8. 


PRESSURE  DUE  TO  IONIZATION 


No.  36  B.  &  S.  wire.     Tube  4.45  cm.  internal  diameter,  25  cm.  long,  volume  388  cu.  cm 

Dry  air  in  tube,  pressure  744.0  mm.,  temp.  26  deg.  cent. 

Manometer  bore  2.8  mm.,  containing  mineral  oil  of  0.859  specific  gravity. 


Wire  Positive 

W 

ire  Negative 

Poten- 

Manometer  — 

cm. 

mm. 

Poten- 

Manometer  —  cm. 

mm. 

tential 

of 

tential 

of 

Dif- 

Left 

Right 

Diff. 

mercury 

Diff. 

Left 

Right 

Diff. 

mercury 

ference 

^erence 

5340 

Jump  barely  visible. 

0.000 

4800 

Jump  barely  visible 

0.00 

6180 

12 

.22 

13.30 

1.08 

0.682 

6180 

12.20 

13.25 

1.05 

0.664 

6680 

12 

.19 

13.59 

1.40 

0.885 

6700 

11.98 

13.50 

1.52 

0.96 

7080 

11.72 

13.82 

2.10 

1.33 

7100 

11.70 

13.75 

2.05 

1.30 

7440 

11 

.48 

14.10 

2.62 

1.66 

7500 

11.40 

14.08 

2.68 

1.70 

7820 

11 

.00 

14.56 

3.56 

2.25 

7850 

11.05 

14.40 

3.35 

2.12 

8200 

10 

.80 

14.79 

3.99 

2.52 

8220 

10.70 

14.80 

4.10 

2.59 

8620 

10 

.36 

15.20 

4.84 

3.06 

8600 

10.40 

15.10 

4.70 

2.97 

9200 

9 

.75 

15.80 

6.05 

3.83 

8860 

9.92 

15.60 

5.68 

3.59 

9800 

9 

.0 

16.5 

7.5 

4.74 

9400 

9.3 

16.2 

6.9 

4.36 

10400 

8.3 

17.3 

9.0 

5.69 

10500 
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17.8 
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7 

.4 
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10.7 

6.76 
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6.8 

18.5 

11.7 

7.39 

11300 

6 

.6 

18.8 

12.2 

7.71 

11460 

5.9 

19.4 

13.5 

8.53 
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.8 

20.3 

15.5 

9.80 

11940 

4.5 

20.7 

16.2 

10.2 
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.3 

22.1 

18.8 

11.9 

12640 
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12.5 

13840 
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.1 
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FIG.  12 — INCREASE  OF  PRESSURE  DUE  TO  IONI?ATION 

No.  36  B.  &  S.  copper  wire,  diameter  0.135  mm.;  tube  4.45  cm.  diameter,  25  cm.  long. 
Curves  show  sudden  increase  of  pressure  in  closed  tube  when  potential  difference  is  applied. 
Dry  air,  pressure  744  mm. 


PLATE   ClX 

A.  I.  E.   E. 

VOL.  XXXIII,  NO.  11 


FIG.  13— TUBE  USED  FOR  PHOTOGRAPHS  [FARWELL] 

B.  &  S.  wire,  diameter  0.26  mm.;  tube  3.5  cm.  diameter,  25  cm.  long;  with  longitudinal 
slit  0.6  cm.  wide. 
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negative 600  volts 9.9 


#3 negative 880   volts 19.2  mm. 


rfenimJm»!ni!  link' 


!.'     i;    it-    i.'i     10    17    1ft    l'i    20 
; 


ftfi negative 1200  volts 34.3   mm. 


F7 negative 1600  volts 58.0  mm. 

ii       7       fi       9-     10     11     12      1.1     H     I 


17     IB     !')     20     21      22 


#8 negative— 1920  volta 75.7  mm. 


Series  No.  1 — Pressure   i.     tube  and  potential  difference  varied.      [FARWELL] 

FIG.  14 — CHANGES  IN  NATURE  OF  ISOLATED  BRUSH  DISCHARGE  WITH 
POTENTIAL  DIFFERENCE  AND  PRESSURE 


PLATE  CX 

A.  I.  E.  E. 

VOL.  XXXIII,  NO.  11 


negative 2200  volts— 75.7  mm. 


#10 positive 2350  volts 75.7  mm. 

-,       f,        7       a       <)       ID      II      12      13     14     p      Hi     17      l">      j'l 


11 negative 3500  volte 112.6  mm. 


negative, arc   in  series — 3800  v. — 112.6  mm 


#56 -negative 4940  volta 213.2  mm. 


#37 negative— -1450  volte 46.9  mm 


[FARWELL  J 
Series  No.  1  (continued) — Pressure  in  tube  and  potential  difference  varied. 

FIG.  15— VARIOUS  FORMS  OF  DISCHARGE  AT  REDUCED  PRESSURES 


17 negative 4210  volts 261.8  mm. 


neeative 4460  volts 261.8  mm. 


negative 4750  volts 261.8  mm. 


Series   No.   3 — Wire  negative — pressure  constant.  [FARWELL] 

FIG.  16 — EVOLUTION  OF  NEGATIVE  ISOLATED  BRUSH  DISCHARGE  FROM 

CONTINUOUS  GLOW 


PLATE  CXI 

A.  I.   E.  E. 

VOL.  XXXIII,  NO.  11 


#26 2500  volte 0.527  x  10  amp. 


#27 £700  volts 0.826  x  10~^amp. 


7f28 2800  volte- — 1.03  x  10  4amp. 


#29 2960  volts 1.62  x  10  amp. 


#50 3160  volts 2.23  x  10  amp 


Series   No.   5 — Wire  negative — pressure  constant.  [FARWELL] 

FIG.  17 — VARIATION  OF   NUMBER  OF  BRUSHES   WITH   POTENTIAL   DIF- 
FERENCE— GLOW  VOLTAGE  2440 


PLATE   CXII 

A.  I.  E.  E. 
VOL.  XXXIII,  NO.  11 


$31 3370  volts— —3. 37  x  10     amp 


#32 3550  volte— —4.65  x  lO^amp 


$33 3700  volte — -6.54  x   10 


#34 3870  volts 10.0  x  10~4amp 


#25-— S940  volts 12.2  x   10      amp. 


$35— -4020  volts 16.2  x  10     amp. 


[FAR  WELL] 
Series  No.  5  (continued) — Wire  negative — pressure  constant  at  119.6  mm. 

FIG.  18 — VARIATION  OF  NUMBER  OF  BRUSHES  WITH  POTENTIAL  DIFFER- 
ENCE 
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they  are  proportional.  This  shows  that  the  increase  is  an  ioniza- 
tion  phenomenon,  for  if  the  sudden  increase  were  due  to  the 
heating  effect  of  the  current  we  would  expect  the  increases  to 
vary  as  the  square  of  the  currents  instead  of  the  first  power. 

The  theory  of  ionization  would  lead  one  to  expect  such  a  jump 
when  the  gas  is  suddenly  ionized;  some  particles  in  the  gas 
would  be  split  up  by  collisions  and  each  of  the  constituent  parts 
would  act  as  a  separate  molecule  as  far  as  its  contribution  to 
the  total  pressure  is  concerned. 

This  ionization  pressure  might  serve  as  a  principle  upon 
which  to  build  a  high-tension'  voltmeter,  for  if  such  a  tube 
were  once  calibrated,  the  indications  of  the  manometer  would 
give  a  measure  of  the  potential  difference  impressed. 

DISCONTINUOUS  BRUSH  DISCHARGE 

As  already  mentioned,  at  low  pressure  and  negative  polarity 
of  the  wire, the  discharge  took  the  form  of  isolated  beads  or  brushes 
disposed  with  approximate  regularity  along  the  wire.  In  order 
to  be  able  to  see  the  wire  broadside  a  glass  tube  was  lined  with  a 
piece  of  sheet  brass  of  such  a  width  that  a  longitudinal  slit  was  left 
along  the  tube  thus  permitting  inspection  of  the  discharge  along 
the  central  wire.  The  glass  tube  was  closed  at  the  ends  by  glass 
plates  with  central  holes  drilled  through  them.  The  wire  passed 
through  these  holes  and  could  be  tightly  stretched  by  means  of 
a  thumbscrew.  The  dimensions  of  the  apparatus  are  given  in 
the  illustration,  Fig.  13.  This  picture  shows  the  branch  tube 
through  which  the  air  could  be  exhausted  and  a  wire  along 
this  tube  connecting  with  the  brass  sheath.  The  holes  around 
the  wires  where  they  passed  through  the  glass  plates  were 
stopped  by  means  of  soft  wax,  the  tube  was  exhausted  and  then 
filled  with  dry  air  by  admitting  air  from  the  room  through  the 
drying  apparatus  mentioned  previously.  Then  various  forms 
of  discharge  were  produced  and  photographs  taken  of  them. 
Series  1,  Figs.  14  and  15,  was  taken  to  give  an  idea  of  the  de- 
velopment of  the  discontinuous  discharge  from  a  few  intensely 
bright  beads  to  a  series  of  small  brushes  spaced  with  considerable 
regularity  along  the  wire.  For  the  lowest  pressures  the  beads 
consist  of  a  bright  cylindrical  core  along  the  wire,  which  core 
is  surrounded  by  a  narrow  dark  space,  enveloped  in  turn  by  a 
purple  glow  of  relatively  large  diameter.  For  increasing  pressure 
the  central  core  contracts  to  a  point  and  the  discharge  instead  of 
surrounding  the  wire  to'  form  a  bead,  starts  from  this  bright 


1720 


HARWELL:  DIRECT-CURRENT  CORONA         [Nov.   13 


point  and  spreads  out  fan-like  in  a  plane  at  right  angles  to  the 
wire.  For  still  higher  pressures  the  fan  seems  to  shut  up  and 
finally  degenerates  to  a  small  brush.  For  all  of  the  illustrations 
in  Series  1,  except  No.  36  and  No.  37,  the  wires  was  not  stretched 
tightly  and  therefore  the  regularity  of  spacing  of  the  brushes  is 
not  very  great.  The  two  photographs  from  which  these  il- 
lustrations were  made  were  taken  with  the  wire  tightly  stretched, 
and  the  regularity  of  spacing  is  apparent.  No.  10  shows  the 
typical  uniform  positive  glow.  No.  12  shows  the  effect  upon 
the  brush  discharge  of  inserting  an  arc  in  series  with  the  tube. 
Series  3,  Fig.  16,  shows  the  evolution  of  the  isolated  brush  form 
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FIG.  19 — NEGATIVE  CHARACTERISTIC 

No.  30  B.'&  S.  copper  wire,  0.26  mm.  diameter;  slit  tube  3.5  cm.  diameter,  25  cm. 
long;  pressure  in  tube  119.3  mm. 


of  negative  discharge  from  a  continuous  glow.  For  a  potential 
difference  just  above  the  critical  value,  the  negative  wire  was 
enveloped  by  a  more  or  less  hazy  continuous  discharge.  Keeping 
the  pressure  in  the  tube  constant  and  raising  the  voltage  slightly 
causes  some  of  the  glow  to  turn  into  brushes  and  with  increasing 
voltage  all  of  the  glow  is  converted  into  the  uniformly  spaced 
form  of  brush  discharge.  Sometimes  conditions  can  be  ar- 
ranged so  that  the  brushes  appear  one  after  another  with  ap- 
parently no  change  in  the  conditions. 

Series  5,  Figs.  17  and  18,  was  taken  to  find,  if  possible,  some 
definite  relation  between  the  number  of  brushes  and  the  potential 
difference  for  a  given  pressure  in  the  tube.  The  increase  of 


1914] 


FARWELL:  DIRECT-CURRENT  CORONA 


1721 


the  number  of  brushes  with  the  voltage  and  the  regularity  of 
spacing  of  the  brushes  is  apparent.  Photographs  were  taken 
at  voltages  where  the  distribution  of  brushes  was  most  regular. 
For  the  highest  voltages,  the  brushes  were  in  constant  movement 
back  and  forth  along  a  short  path,  and  to  secure  a  good  picture 
it  was  necessary  to  make  the  time  of  exposure  quite  short. 

Fig.  19  is  the  characteristic  curve  for  the  currents  and  voltages 
employed  in  Series  5.  This  graph  shows  the  rate  of  increase 
of  current  with  voltage  to  be  very  great  at  the  highest  voltages 
employed. 

Fig.  20  shows  the  number  of  brushes  as  a  function  of  the 
potential  difference.  In  some  of  the  photographs  some  of  the 
brushes  were  seen  to  be  smaller  than  the  rest  and  for  the  plotting 
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FIG.  20— NUMBER  OF  BRUSHES  AND  CURRENT  PER  BRUSH  AS  FUNCTION 
OF  POTENTIAL  DIFFERENCE 

No.  30  B.  &  S.  wire  in  slit  tube;  pressure  119.3  mm.;  wire  negative. 

of  the  graph  the  estimated  equivalent  number  of  full-sized  brushes 
was  taken.  Evidently  the  number  of  brushes  is  some  well- 
defined  function  of  the  potential  difference.  Between  the 
voltages  at  which  the  arrangement  of  brushes  was  most  regular, 
there  seemed  to  be  a  transition  period  in  which  there  were  many 
little  brushes  in  addition  to  the  larger  ones.  An  increase  of 
voltage  would  then  produce  a  set  of  full-sized  brushes. 

The  lower  curve  of  Fig.  20  gives  the  variation  of  the  current 
per  brush  on  the  assumption  that  the  total  current  is  carried  by 
the  brushes. 

EFFECT  OF  SHORT  ARC  UPON  DISCHARGES 

Nature  of  the  Phenomenon.  Series  No.  2,  Fig.  21,  shows  the 
effect  of  a  short  arc  in  series  with  the  tube  upon  the  character  of 
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the  positive  and  negative  discharges  for  a  constant  pressure  in 
the  tube  and  an  approximately  constant  difference  of  potential. 

The  typical  quiet  bluish  positive  discharge  shown  in  No.  13 
is  changed  to  No.  14,  which  is  more  brilliant,  of  a  purple  tinge 
and  greater  in  diameter.  In  addition  its  boundaries  seem  more 
ragged. 

The  typical  discontinuous  negative  discharge  has  its  character 
changed  most  markedly  by  the  introduction  of  the  arc.  No. 
16  shows  the  changed  discharge;  it  seems  to  be  made  up  of 
two  effects  superimposed  upon  each  other.  The  arc  evidently 
sets  up  high  frequency  oscillations  in  the  circuit  and  an  alternating 
effect  is  superimposed  on  the  direct  current  phenomenon.  To 
test  whether  this  theory  was  correct,  the  following  experiment 
was  tried : 

A  two-mf.  condenser  was  connected  in  parallel  with  the  tube, 
and  with  the  arc  in  circuit,  a  potential  difference  was  impressed 
upon  the  tube  of  a  value  high  enough  to  give  corona.  The  ap- 
pearance was  then  as  though  there  were  no  arc  in  the  circuit. 
The  high  frequency  component  of  the  current  prefers  rather  to 
take  the  path  through  the  condenser  than  to  go  across  the 
air  gap. 

It  took  an  appreciable  time  for  the  condenser  to  become  fully 
charged  and  during  this  time  occurred  the  evolution  of  the 
brush  discharge  from  the  continuous  glow  in  the  manner  men- 
tioned above,  except  that  the  time  of  the  process  was  prolonged. 

Upon  disconnecting  the  charged  apparatus  from  the  source 
of  potential,  the  discharge  through  the  tube  persisted  for  some 
seconds  due  to  the  discharge  of  the  condenser  through  it.  As 
the  voltage  of  the  condenser  fell,  the  number  of  the  brushes 
became  fewer  and  their  brightness  diminished  until  they  van- 
ished. During  this  discharge,  the  brushes  maintained  quite  a 
regular  arrangement. 

By  assuming  fair  values  for  the  electrical  constants  of  this 
discharge  circuit,  it  is  easy  to  calculate  that  the  discharge  of 
the  condenser  must  be  of  the  continuous  type.  This  being 
the  case,  it  is  evident  that  the  negative  discontinuous  discharge 
must  be  essentially  a  direct  current  phenomenon. 

It  should  be  remarked  that  the  values  of  current  given  for 
the  cases  where  an  arc  is  in  circuit  represent  only  the  continuous 
components,  since  the  galvanometer  deflection  is  unaffected 
by  the  alternating  components.  There  is  hardly  another 
phenomenon  which  shows  so  directly  the  difference  between 
positive  and  negative  electricity  as  the  foregoing  illustrations. 


PLATE  CXIII 

A.  I.  E.  E. 
VOL.  XXXIII,  NO.  11 


116 — negative,    with  arc — 4110  volta — - — 112.6  mra 


Series   No.  2.  [FARWELL] 

FIG.  21— EFFECT  OF  SHORT  ARC  IN  SERIES  ON  NATURE  OF  DISCHARGES 

No.  30  B.  &  S.  wire  in  slit  tube;  pressure  constant  at  112.6  mm. 


PLATE  CXIV 

A.  I.  E.  E. 
VOL.  XXXIII,  NO.  11 


Apparatus  Used:   #34  Copper  Wires,    0.167  mm.   diameter,    2  cm.   apart 


Arc   in  Series — 8000  volte — 1.80  x  10     amp. — 312. 2  mm. 


Arc   in  Series — 8000  volte — 1.14  x  lO^amp. — 312.2  mm, 


No  Arc — 8700  volte 450.0  mm. 


No  Arc 8400  volte 450.0  mm. 


Series  No.   6.  [FARWELL] 

FIG.  22 — Two  PARALLEL  WIRES — REDUCED  PRESSURE 
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Nevertheless  the  question  may  be  raised  as  to  whether  the 
isolated  brush  form  of  discharge  may  not  be  due  to  oscillations 
in  the  circuit.  In  order  to  make  it  clear  that  this  is  essentially 
a  direct-current  phenomenon,  there  follow  some  experiments 
and  arguments  which  support  this  view. 

The  appearance  of  the  brushes  and  the  current  indicated 
by  the  galvanometer  are  constant  for  a  given  voltage,  no  matter 
what  combination  of  machines  are  used  as  the  source  of  po- 
tential. One  of  the  sets  may  be  used  and  the  appearance  of 
the  spots  and  the  voltage  and  current  noted.  Then  if  the 
other  set  be  used  to  give  the  same  voltage  with  a  different 
number  and  speed  of  machines,  the  same  results  are  obtained. 
If  there  were  oscillations  set  up  perhaps  by  sparking  at  the 
brushes,  we  would  not  expect  this  agreement. 

Mention  has  been  made  before  of  the  effect  of  the  intro- 
duction of  a  condenser  in  parallel  with  the  tube.  To  test 
whether  the  current  sent  through  the  tube  by  the  condenser 
in  discharging  was  direct  or  oscillatory,  another  experiment 
was  performed.  The  condenser  was  connected  across  the  pos- 
itive and  negative  bus-bars  to  which  the  generating  apparatus 
was  connected  through  the  water  resistance.  Then  a  switch 
connecting  the  machines  to  the  busbars  was  closed  as  was 
also  a  switch  leading  to  the  tube.  The  deflection  of  the  gal- 
vanometer was  noted  and  the  appearance  of  the  brushes.  Then 
the  generator  switch  was  opened  and  the  condenser  discharged 
through  the  tube  and  the  galvanometer.  After  the  switch  was 
opened,  the  galvanometer  deflection  gradually  decreased,  the  rate 
of  the  decrease  being  slower  and  slower  as  the  discharge  proceeded. 
The  opening  of  the  switch  caused  no  immmediafe  change  in  the 
brushes,  only  the  gradual  change  already  noted.  That  the 
discharge  of  the  condenser  must  be  continuous  is  shown  by  the 
deflection  of  the  galvanometer  and  it  can  be  further  proved 
by  a  rough  calculation.  Assuming  the  resistance  of  the  cylin- 
drical field  as  given  by  E/I  and  taking  a  set  of  values  of  E  and 
/  for  the  comparatively  low  pressures  at  which  the  brushes 
are  best  formed,  we  obtain  R  =  1.83  X  106  ohms.  Assuming 
the  very  large  value  of  0.1  henry  for  the  inductance  of  the 
circuit,  and  the  approximate  value  of  2  mf.  for  the  capacity, 
we  find  that  R  is  about  4.1  X  104  times  as  great  as  VlL/C  and 
hence  it  is  clear  that  the  condenser  discharge  must  be  of  the 
continuous  type. 

By  running  wires  from  the  terminals  of  an  induction  coil 
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to  the  central  wire  and  the  tube  and  then  adjusting  the  dis- 
charge points  on  the  coil  to  such  a  distance  that  a  silent  dis- 
charge took  place  between  them,  it  was  possible  to  obtain  an 
almost  uniform  hazy  glow  along  the  wire.  But  no  effect  could" 
be  obtained  like  the  uniformly  spaced  brush  discharge. 

It  is  well  known  that  an  arc  is  the  source  of  electrical  oscilla- 
tions and  it  has  been  shown  by  a  previous  figure  that  a  short 
arc  in  series  with  the  tube  disturbs  the  brushes  due  to  the 
direct  current  by  the  superposition  of  an  alternating  current 
effect  so  that  the  glow  becomes  more  or  less  uniform  and  the 
difference  in  the  appearance  of  the  glow  for  different  polarities, 
becomes  much  less.  So  the  introduction  of  an  oscillatory 
current  acts  to  suppress  the  isolated  brush  form  of  discharge 
and  not  to  cause  it. 

It  should  be  stated  here  that  Peek*  by  a  stroboscopic  method 
has  also  observed  "more  or  less  evenly  spaced  beads"  on  the 
negative  wire  when  there  was  corona  between  parallel  wires 
caused  by  an  alternating  difference  of  potential  of  80,000  volts 
at  atmospheric  pressure.  The  wires  used  by  Peek  were  0.168 
cm.  in  diameter,  spaced  12.7  cm.  apart. 

CORONA    BETWEEN    PARALLEL    WIRES 

Phenomena  at  Reduced  Pressures.  Two  No.  34  wires,  0.167 
mm.  in  diameter,  were  arranged  parallel  and  two  centimeters 
apart  inside  of  a  glass  tube  as  shown  in  Fig.  22  and  photographs 
were  taken  of  the  discharge  between  them  at  reduced  pressures. 
The  three  lower  illustrations  of  Fig.  22  show  the  typical  isolated 
brush  discharge  on  the  negative  wire  with  corresponding  lum- 
inous section  of  the  positive  wire.  The  negative  brushes  had 
a  brilliant  nucleus  with  a  fainter  glow  spreading  out  from  it. 
For  lower  pressures  than  those  for  which  the  photographs  were 
taken,  the  discharge  became  more  brilliant ;  the  brushes  spread 
farther  apart  and  increased  in  size.  Each  section  of  positive 
glow  was  usually  of  uniform  brilliance.  But  for  compara- 
tively low  pressures  and  high  voltage,  these  positive  sections 
became  somewhat  discontinuous,  bright  spots  being  mixed  in 
with  the  uniform  glow. 

The  introduction  of  a  short  arc  in  series  made  a  marked 

change  in  the  nature  of  the  discharge.     Both  wires  were  more 

or  less  completely   covered  with   a  nearly  uniform   glow   and 

there  was  no  longer  any  marked  difference  between  positive 

*PROC.  A.  I.  E.  E.,  Vol.  XXXI,  No.  6,  p.  1123,  and  Plate  LXV. 
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and  negative.  The  brilliancy  of  the  discharge  depended  upon 
the  fatness  of  the  spark.  With  the  arc  in  series,  low  pressures 
and  a  relatively  high  voltage,  the  discharge  between  the  wires 
resembled  a  sheet  of  luminuous  rain.  An  intermediate  effect 
showed  bluish  streamers  between  the  wires. 

It  should  be  remarked  that  the  values  of  current  given  for  the 
cases  where  an  arc  was  used  are  only  the  continuous  components 
of  the  current. 

Phenomena  at  Atmospheric  Pressures.  Two  No.  36  wires 
were  stretched  over  hard  rubber  bridges  so  as  to  be  parallel  and 
three  centimeters  apart  and  a  characteristic  test  was  obtained 
for  the  discharge  between  them.  The  dimensions  of  the  wires, 

TABLE  9. 

Two  Parallel  No.  36  Wires — 0.135  mm.  diam.  36.2  cm.  long  and  3.0  cm.  apart. 
Temperature  26 . 5 

Relative  Humidity  43  . 0  per  cent 

Barometric  Pressure        749  . 0 


Potential  Difference 

Deflection  in  mm. 

Shunt    Factor 

Current  in  10~4  amp. 

6000 

0.3 

1.0 

0.000015 

6400 

0.5 

1.0 

0.000025 

6500 

Critical 

Voltage 

7000 

125.0 

1.0 

0  .  00634 

8000 

37.0 

12.832 

0.0241 

9000 

75.0 

12.832 

0.0488 

10000 

30.0 

128.32 

0.195Glow  sets  in 

12000 

198.0 

128.32 

1.29 

14000 

49.0 

1283.2 

3.19 

F   =  5.07   X  10-9  amp.  psr  mm.  deflection. 

the  atmospheric  conditions  and  the  data  for  a  characteristic 
curve  are  given  in  Table  9.  A  sudden  increase  of  the  deflection 
of  the  galvanometer  marked  the  critical  voltage  as  in  the  case 
of  former  tests  with  wires  in  a  cylindrical  field.  It  was  noted  in 
this  test  that  there  was  a  considerable  current  flow  between  the 
wires  before  there  was  any  indication  of  a  glow.  At  10,000 
volts  a  flickering  glow  along  the  positive  wire  gave  the  first  in- 
dication of  a  general  glow. 

When  the  visible  discharge  was  fairly  started,  it  took  the  form 
of  a  uniform  continuous  glow  along  the  positive  wire  and  a  fairly 
regular  arrangement  of  brushes  along  the  negative  wire.  This 
discharge  was  examined  on  a  day  when  the  humidity  was  con- 
siderably greater  and  it  was  noticed  the  negative  discharge  had 
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lost  all  appearance  of  a  regular  distribution  and  there  was  more 
of  a  continuous  glow  effect. 

It  was  noticed  that  the  negative  wire  bowed  in  toward  the 
positive  and  that  the  positive  bowed  away  from  the  negative. 
This  effect  was  noticed  in  one  of  the  preliminary  experiments 
with  an  influence  machine. 

When  the  wires  were  purposely  made  rather  slack  in  order 
to  intensify  the  effect  it  was  found  that  the  positive  wire  vibrated 
strongly  with  a  circular  motion  and  that  the  negative  was  motion- 
less. If  the  polarity  of  the  wire%  was  reversed,  the  phenomenon 
reversed  also  and  it  was  still  the  positive  wire  which  vibrated. 

Exploration  of  Field  between  Parallel  Wires.  A  glass  tube 
with  a  platinum  contact  wire  projecting  axially  from  its  tip 
was  fixed  into  a  wood  block  in  such  a  manner  that  when  the  block 
was  moved  across  a  board  beneath  and  parallel  to  the  plane  of 
the  wires,  the  platinum  contact  point  moved  in  the  plane  of 
the  wires.  By  means  of  a  scale  fixed  across  the  board  perpen- 
dicular to  the  direction  of  the  wires  it  was  possible  to  set  the 
contact  point  at  any  desired  position  between  the  wires.  When 
the  ground  terminal  of  one  of  the  electrostatic  voltmeters  was 
connected  to  the  grounded  negative  wire  and  the  high-tension 
terminal  was  connected  to  the  contact  point  it  was  found  that 
the  voltmeter  deflected  when  there  was  a  current  flow  between 
the  wires  and  the  contact  point  was  in  the  neighborhood  of  the 
wires.  So  long  as  there  was  no  current  flow  between  the  wires 
there  was  no  deflection. 

Figs.  23  and  24  show  the  curves  for  field  distribution  as 
plotted  from  the  data,  and  also  the  distribution  of  the  electro- 
static field  between  the  wires  as  calculated  from  the  formula 
for  the  electrostatic  field  on  a  line  between  the  axes  of  parallel 
wires.  If  P  denote  the  point  where  the  potential  is  desired,  A 
and  B  the  inverse  points  of  the  circular  sections  of  the  wires  and 
q  represents  the  charge  per  unit  length  of  one  wire,  the  potential 
V  at  the  point  is  given  by 

V  =  —  2q  log  (AP/BP) 

Sufficient  accuracy  was  obtained  for  the  purpose  in  hand 
by  taking  the  inverse  points  as  at  the  centers  of  the  wires. 

An  examination  of  the  curves  for  the  actual  distribution  of 
the  field  discloses  the  fact  that  there  are  large  anode  and  cathode 
falls  of  potential,  the  anode  fall  of  potential  being  the  greater 
for  the  two  lower  potential  differences.  For  these  also  the 
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actual  field  departs  widely  from  the  electrostatic.  For  the 
12, 000- volt  curves  the  actual  and  electrostatic  fields  become  more 
alike. 

The  field  is  distorted  through  ionization,  because  the  positive 
ions  are  driven  toward  the  negative  wire  and  form  a  layer 
of  positive  electricity  round  about  the  negative  wire.  Hence 

there  results  a  very  large  fall 
of  potential  around  this  wire. 
Around  the  positive  wire  there 
is  an  accumulation  of  negative 
electricity  and  hence  there  is 
a  fall  of  potential  here  also. 


Current  0.024xlO~4  Amps.- 
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FIG.  23 — DISTRIBUTION  OF  THE 
POTENTIAL  BETWEEN  Two  PARALLEL 
WIRES  0.135  MM.  IN  DIAMETER,  30 
MM  .  APART 


FIG.  24 — DISTRIBUTION  OF 
THE  POTENTIAL  BETWEEN  Two 
PARALLEL  WIRES  0.052  MM.  IN 
DIAMETER,  30  MM.  APART 


distortion  of  the  field  about  the  positive  wire  is  different  from 
that  around  the  negative  wire. 

Notes  on  Test.     At  voltages  a  little  above  the  critical  voltage 

there  is  a  noticeable  lag  of  corona  behind  e.m.f . ;  in  the  extreme 

case  this  lag  amounted  to  a  second  or  so.  t  Spots  on  the  negative 

wire  appear  first,  then  the  general  glow,  which  appeared  to  move 

along 'the  positive    wire   from    the    end   leading   to   machines 
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The  negative  glow  is  by  far  the  brightest  and  is  inclined  toward  a 
purple,  while  the  positive  glow  is  blue.  With  the  high  humidity, 
there  was  no  regularity  in  spacing  of  brushes,  and  much  contin- 
uous glow  on  the  negative. 

An  attempt  was  made  to  see  whether  after  corona  was  formed 
and  then  the  potential  difference  was  lowered,  below  the  critical 
value,  the  corona  would  persist..  So  far  as  could  be  determined, 
the  corona  stopped  when  the  critical  voltage  was  reached. 

At  13,000  volts  potential  difference  a  marked  "electrical  wind 
was  noticed  proceeding  from  the  wires.  It  was  strong  enough  to 
be  noticed  on  the  face  when  held  a  few  inches  from  the  wires. 

At  this  voltage,  the  negative  wire  was  vibrating  with  a  barely 
perceptible  movement,  while  the  vibration  of  the  positive  wire 
was  excessive.  And  also  at  this  voltage,  the  negative  corona 


FIG.  25 

seemed  in  more  rapid  movement  than  before ;  the  spots  were  most 
of  them  oscillating  back  and  forth.  The  positive  wire  was 
vibrating  in  a  circular  path. 

With  wires  bowed  as  shown  in  Fig.  25,  glow  and  increase 
of  current  appeared  almost  simultaneously,  while  with  wires 
used  in  previous  parallel  wire  test,  the  jump  took  place  long 
before  the  glow  appeared. 

This  investigation  was  carried  out  in  the  Laboratory  of  Physics 
at  the  University  of  Illinois  under  the  direction  of  Dr.  Jakob 
Kunz,  Assistant  Professor  of  Physics.  To  him,  to  Professor 
E.  B.  Paine  of  the  Electrical  Engineering  Department  and  to 
Professor  A.  P.  Carman  of  the  Department  of  Physics,  the 
author  wishes  to  acknowledge  his  indebtedness  for  many  helpful 
suggestions  as  to  the  conduct  of  this  work. 
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A  SIMPLE  METHOD  FOR  SHOWING  a  =  v2/r  FOR  CIRCULAR 

MOTION. 

BY  L.  T.  JONES, 
University  of  Illinois,  Urbana. 

If  a  body  moving  in  a  circle  of  radius  r  with  a  uniform  speed 
v  starts  at  A  and  is  not  drawn  toward  the  center  it  will  arrive 
in  time  t  at  the  point  B,  distant  vt  along  the  tangent.  If  it  is 
made  to  move  in  a  circle,  however,  and  the  speed  is  uniform,  it 
must  be  accelerated  toward  the  center  since  force  is  required  to 
change  the  direction  of  its  path.  The  acceleration  consists  in  a 
change  of  direction  only  and  since  it  moves  in  a  circle  this  accel- 
eration must  be  constant. 

Suppose  the  body,  after  passing  A,  travels  for  a  short  time  t. 
It  actually  travels  to  the  point  C  but  if  unaccelerated  it  would 
travel  to  some  point  B.  If  this  time  interval  is  taken  very  small 
the  line  OCB  may  be  considered  a  straight  line  and  the  distance 
the  body  has  been  drawn  towards  the  center  is 
D  =  OB— r  =  at2. 


From  the  figure  we  see  that 

(r+D)2  =  r2+v2t2.  (1) 

Substituting  the  value  of  D  from  the  first  equation  we  get 

r2+art2+±  a2/4  =  r2+v2t2. 

Then  ar+^a2t2  =  v2.  (2) 

As  the  time  interval  is  taken  smaller  and  smaller  the  assumption 
involved  in  equation  (1)  is  more  and  more  nearly  justified.  In 
the  limit,  equation  (2)  becomes 

ar  =  v2, 
whence  a  =  vz/r. 
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Uber  die  Randkorrektion  des  Dreiplattenkondensators, 

Yon  Gr.  A.  SHOOK  in  Urbana,  Illinois. 

In  der  physikalischen  Zeitschrift  fur  den  November  1912  haben 
E.  Griineisen  und  E.  Giebe  den  folgenden  Ausdruck  fiir  die  Kapa- 
zitat  des  Dreiplattenkondensators  ohne  Beweis  angegeben: 


wo  C  die  Kapazitat,  E  den  Radius  der  drei  parallelen  Kreisplatten, 
a  die  Distanz  zwischen  den  Flatten  und  A  die  konstante  Zahl  2,1426902 
bedeuten.  In  dieser  Mitteilung  soil  die  Herleitung  der  Randkorrektion 


-  (2  log  2  -  rr—^ 

mit  Hilfe  der  Transformation  von  Schwarz-Cristoffel  gegeben  werden. 
Ein  Polygon  in  der  #-Ebene  wird  in  jener  Transformation  in  die 
w-Achse  der  TF-Ebene  verwandelt  mittels  der  Differentialgleichung: 


H  ist  eine  reelle  Konstante;  wly  w2  •  •  •  wn  entsprechen  den  Eckpunkten 
des  Polygons  und  «1;  cc2  •  -  -  an  sind  die  inneren  Wink  el  des  Polygons. 
Wenn  das  Polygon  eine  Anzahl  Leiter  von  verschiedenem  Potential 
bedeutet,  dann  ist  eine  Transformation  nicht  geniigend;  denn  die  ver- 
scniedenen  Potentiale  konnen  nicbt  dargestellt  werden  durch  eine  ge- 
rade  Linie  von  konstantem  Potential,  z.  B.  durch  die  £7-Achse  der 
w-Ebene  allein.  Wir  betrachten  daher  eine  dritte  Ebene  3  m^  ^en 
Achsen  X  und  Y.  Ein  gegebenes  Polygon  von  Leitern  in  der  #-Ebene 
mag  zunachst  in  die  X-Achse  der  3~^Dene  transformiert  werden.  Wenn 
die  Potentiale  der  Leiter  gegeben  sind?  so  kann  das  entsprechende 
Polygon  in  der  TF-Ebene  bestimmt  und  dieses  in  die  3-Ebene  trans- 
formiert werden. 

23* 
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tiber  die  Randkorrektion  des  Dreiplattenkondensators. 


Wir  betrachten  das  Polygon  in  der  ^-Ebene,  gebildet  durch  die 
drei  halbunendlichen  Metallplatten  A,  B,  C  der  Figur  1.  B  hat  das 
Potential  x,  wahrend  A  und  C  mit  der  Erde  verbunden  sind. 


Fig.  1. 
A 

a-  2n( 

t**.- 

\                                                                \ 

a                                                 > 

P                                   Q                      B     ,< 

__>      _   —    >                 -    >-   -  -    --      >. 

v 
ct**2n  f 

f     *      ^      c  J 

x, 

*f 


An   den  fiinf  inneren  Winkeln  des  Polygons  nehmen  wir  die  fol- 
genden  Werte  der  Fimktion  3  an: 

Fiir     «A  =  2x         3i  ^  ^ 


«*-o        34=-i 

a$=2rt         3s  =  — ^«- 

Wir  wollen  die  ^-Ebene  zuerst  in  die  3~Ebene  transformieren  mittels 
der  Gleichung: 

Einfiihrung  der  eben  angegebeneu  Werte  erhalten  wir: 

*A-  *C8  -  *) (3  - 1)-1  (3  +  i)-1^  +  A) 3 


32-i 


J^  ist  eine  im  allgemeinen  imaginare  Integrationskonstante. 
Fiir  a;  =  0  und  y  =  0  wird  3  =  0,  daher 

0  = 


Von  G.  A.  SHOOK. 
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Wenn  x  groB  ist  und  y  =  a,  dann  ist  Q  =  1,  daher 


(P  —  1)5T 

Die  Losung  nimmt  jetzt  die  Form  an: 

(1)  *  =  |[A-  l°g(32-  1)  +  **]-*  +  iff. 

Dadurch  wird  die  #-Ebene  in  die  3-Ebene  transformiert,  und  wir  wollen 
nun  weiter  die  "FF-Ebene  in  die  3"Ebene  transformieren  mittels  der 
Gleichung: 


w 


v-o 


Fig.  2. 


u 


In  der  TF-Ebene  wird  das  Polygon  gebildet  durch  zwei  unendliche 
parallele  Ebenen  v  =  0  und  v  =  %  gemaB  der  Fig.  2.  In  diesem  Polygon 
haben  wir  die  folgenden  Wertepaare: 

Fur     CL  =  0         ft  =  1 


aw 


3 
rH8 


daber : 


Auf  der  unteren  Seite  der  Platte  A  der  Figur  1  lauft  3  yon  1  nach  A 
und  3  —  1  ist  daher  positiv.  Da  A  das  Potential  0  hat,  so  liefert  die 
letzte  Gleichung: 


Daher  ist 


,7=0. 
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Auf  der  oberen   Seite  der  Platte  B  andert  sieb  3  von  0  bis  1, 
3  —  1  ist  daher  negativ,  somit 

log  -  !««  +  «- 


Die  vorhergebende  Gleicbung  gibt  daher: 


Folglicb  L  —  I 

Die  zweite  Transformation  erscheint  jetzt  in  der  Form: 
(2)  TF=log 


Die  Ladung  auf  einem  Streifen  von   1  cm  Breite  und  von   der  Lange 
PQ'  der  Platte  B  der  Figur  1  ist  gleicb: 


oder 


Wir  betrachten  einen  Streifen  auf  der  Platte  B.    In  P  gilt:  #  =  0; 
y  '  =  0  und  3  —  0-     Dafur  folgt  aus  der  Gleicbung  (2) 

JF=  log  (-  1)  =  «9T  =    Up  +  ^ 

f7p  =  0. 

Wenn  x  wacbst,  dann  nabert  sicb  3  rascb  dem  Werte  1,  so  daB,  wenn 
Q  weit  vom  Rande  entfernt  ist,  die  Gleicbung  (2)  die  Form  annimmt: 
TT  =  log  (3  -  1)  -  log  2  =  U^  +  ix 
W=log  (1  -  3)  +  »'*  -  log  2  =  Z7ft  +  ix 
V^=  log  (1-3)  -log  2. 

Tim  3   durcb  0    auszudriicken,    geben   wir    zuriick    auf   Gleicbung  (1). 
Wenn  wir  daselbst  Q  =  I  setzen,  dann  folgt: 

*  =  ^[p-^r-  los  (3 

^    -  loS  (1  -  3)  -  »'«  -  log  2 


Daher 

*  =  ^[1^!  -log  (1-3)  -log  2] 

log  (1-8)--"  +  1,^-^2 
also 


X7t 
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Die  Ladung  auf  jenem  Streifen  von  1  cm  Breite  wird  jetzt: 


Dies  ist  die  Ladung  auf  einem  Streifen  mit  der  Oberflache  x  auf  der 
oberen  Seite  der  Platte  1?;  die  totale  Ladung  auf  dem  Streifen  x  iet 
daher  zweimal  so  groB.  Die  Kapazitat  dieses  Streifens  ist  daher: 


2  log  2- 

-n  \  Z8  —  1 


Die  Konstante  A  kann  folgendermaBen  bestimmt  werden:  Wir  setzen  in 
Gleichung  (1)  x  =  0;  y  =  a  und  3  =  A 


-  log  (^2-  1)  +  •*   =  0  -f  ia 


Durch  eine  graphische  Losung  erhalten  wir  ftir  A  den  Wert: 

A  =  2,1427  . 
Die  Korrektion  fur  die  Breite  1  cm   wird  gleich 


Wenn  wir  jetzt  annaherungsweise  annehmen,  daB  die  Korrektion 
fur  eine  Kreisplatte  von  grofiem  Radius  dieselbe  sei  wie  fur  einen 
geradlinigen  Rand,  so  wird  die  Korrektion  fur  den  ganzen  Umfang: 

27tE/01  1\  ^B/oi  1\ 

^r  (2  log  2  -  jj-j)  -  -  (2  log  2  -  r,—  )  - 

Die  korrigirte  Kapazitat  wird  daher  gleich 


Dabei  ist  noch  vorausgesetzt,  daB  die  Dicke  der  Flatten  verschwindet. 
Wiirden  wir  die  Dicke  beriicksichtigen,  so  hatten  wir  fur  die  Trans- 
formation der  £-Ebene  in  die  3'Ebene  die  Differentialgleichung: 


In  der  Losung  des  vorliegenden  Problemes  bin  ich  von  Prof.  Jacob 
Kunz  unterstiitzt  worden. 

Urbana,  Illinois,  22.  Okt.  1913. 
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DETERMINATION    OF    THE    HORIZONTAL    INTENSITY 

OF  THE  EARTH'S  MAGNETIC  FIELD  BY  MEANS 

OF  THE  DISCHARGE  FROM  THE 

WEHNELT  CATHODE. 

BY  C.  T.  KNIPP  AND  L.  A.  WELO. 

I.      INTRODUCTION. 

A  common  method  of  determining  the  ratio  of  the  charge  to 
the  mass  of  an  electron  is  to  use  a  cathode  discharge  tube  and 
measure  the  deflection  of  the  beam  of  particles  by  a  magnetic 
field;  the  other  necessary  relation  being  obtained,  either  by  observ- 
ing the  fall  of  potential  at  the  cathode,  or  the  deflection  of  the  rays 
as  they  pass  between  the  plates  of  a  condenser. 

The  fact  that  the  measurement  of  e/m  with  a  cathode  tube 
involves  the  deflection  produced  by  a  magnetic  field,  suggests 
that  we  have  here  a  method  of  measuring  magnetic  fields,  pro- 
vided we  assume  the  ratio  e  /m.  For  low  velocities  of  the  electron 
this  ratio,  1.765  X  107,  is  constant  and  is  well  determined  by 
measurements  on  the  cathode  rays  and  more  especially  on  the 
Zeeman  phenomenon.  This  investigation,  therefore,  concerns 
itself  with  the  development  of  such  a  method  for  determining  the 
horizontal  intensity  (H)  of  the  Earth's  magnetic  field. 

Since  this  field  to  be  measured  is  always  very  weak,  compared 
with  those  employed  in  the  determination  of  e/m,  a  form  of  tube 
should  be  chosen  which  will  give  a  measureable  deflection,  yet 
which  will  not  be  inconveniently  long.  Tubes  equipped  with  cold 
cathodes,  such  as  the  Braun  tube,  impart  high  velocities  of  the 
order  9  X  109cm/sec.  to  the  electrons.  The  Wehnelt  hot-lime 
cathode,  on  the  other  hand,  because  of  the  lower  potential-differ- 
ences which  can  be  used,  gives  velocities  of  about  1.6  X  109cm  /sec., 
and  since  the  magnetic  deflection  is  inversely  proportional  to  the 
velocity  of  the  electron,  it  is  obvious  that  the  Wehnelt  cathode  is 
advantageous.  An  additional  advantage  in  using  this  cathode  is 
1  1 


C.  T.  KNIPP  AND  L.  A.  WELO 


[VOL.  XX,  No.  2J 


that  the  active  part  can  be  limited  to  a  very  small  piece  of  lime 
placed  on  the  heated  platinum  strip.  With  a  good  charcoal  liquid- 
air  vacuum  it  is  possible  to  get  a  well  defined  beam  of  long  range 
without  the  use  of  screens  and  diaphragms. 

II.      THE   THEORY. 

Development  of  Formula. — Fig.  1  is  a  sketch  of  the  tube  used. 
The  anode  is  shown  at  A  and  the  cathode  C  at  a  distance  /  above 
the  screen  S.  The  electrostatic  plates  of  length  d  and  of  distance 


FIG.  1 

apart  t  are  shown  with  their  most  remote  end  at  a  distance  /'  from 
the  screen.  Calling  y  the  total  electrostatic  deflection,  ymn  the 
deflection  after  the  rays  have  just  passed  the  plates,  and  y'  the 
additional  deflection  while  on  their  way  to  the  screen,  we  have1 
Y  being  the  electric  force  perpendicular  to  the  plates  and  v  the 
velocity  of  the  electrons  downward: 


2    m    v2         m      v         v 

1  THOMSON,  Conduction  of  Electricity  Through  Cases,  2nd  ed.,  p.  117. 
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Let  d(l'-j)=A 

AYe 
hence  y  =  —^ 

Consider  the  circle  of  diameter  d,  and  in  position  shown,  as 
the  boundary  of  a  uniform  magnetic  field  perpendicular  to  the 
plane  of  the  paper;  writing  z,zmn  and  z'  for  y,  ymn  and  y'  respec- 
tively we  have  for  the  magnetic  deflection  : 

,       lHe,2   .Hed     V  -  d 
z  =  Zmn  +  z   =  --<?+  —     __ 

But  in  this  case  the  Earth's  field  is  effective  all  the  way  to  the 
screen,  hence  the  second  term  is  zero  since  d  becomes  equal  to 
/',  and  for  this  case  /'  becomes  equal  to  /,  and  so  we  have 

1  Hen 

z  =  -  -  -  P- 

2  mv 

72 
Let  B  ='- 

hence  z  =  B  —  (2) 

mv 

Now  eliminating  v  between  equations  (1)  and  (2)  and  solving 
for  H2  we  get 

H»'1*L,*-;H£ 

XX  -        T~>O 

B2     e       y 
But  F  =  ! 


where  V  is  the  electromotive  force  between  the  plates  measured 
in  volts,  and  /  their  distance  apart, 


TT  Arnz     IV 


104     \ 
=  3-\ 


„      104 
or,  writing  =  ~ 


we  have  H  =  C  z  Jl-  (3) 

\y 

Reduction  of  the  Photographs.  —  It  is  obvious  that  the  Earth's 
magnetic  field  cannot  be  eliminated  for  a  zero  reading  of  the  de- 
flection. To  measure  this  deflection,  then,  it  was  found  necessary 
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to  place  the  tube  in  a  frame  so  that  it  could  be  turned  about  a 
vertical  axis.  It  is  apparent  from  Fig.  1,  since  the  cathode  beam 
is  always  deflected  in  the  same  direction,  that  a  circle  will  be  de- 
scribed on  a  photographic  plate  at  5  if  the  plate  turns  with  the 
tube,  the  radius  of  which  is  the  deflection  sought.  However,  the 
electrostatic  field  plates  turn  with  the  tube,  hence  the  electrostatic 
deflection  changes  in  direction  as  the  tube  is  turned.  What  is 
gotten,  then,  when  both  fields  act  simultaneously  on  the  beam  is 
not  at  first  thought  so  apparent;  however,  the  resulting  trace  on 
the  photographic  plate  is  easily  deduced  analytically.  Let  a  be 
the  magnetic  deflection,  and  b  the  electrostatic  deflection,  and  if 
we  first  note  that  the  direction  of  b  is  fixed  relatively  to  the  plate, 
while  a  rotates  relative  to  the  plate  (though  it  does  not  rotate  re- 
latively to  a  fixed  line)  we  have,  taking  rectangular  coordinates 
x  and  y  fixed  to  the  plate,  and  measured  from  the  center  0  of 
the  circle  described  when  the  magnetic  field  alone  is  acting, 

x  =  b  +  a  cos  0 

y  =  a  sin  6 

where  0  is  the  angle  of  rotation  of  the  plate.    Thus 
(x  -  b)2  +  y*  =  a2 

which  shows  that  the  trace  sought  is  a  circle  of  radius  a  and  center 
at  a  distance  b  from  0. 

It  was  found  early  during  the  course  of  the  work  that  there 
was  little  hope  of  securing  a  permanent  electrostatic  deflection. 
As  soon  as  the  plates  were  charged,  the  beam  would  jump  in  a 
plane  perpendicular  to  the  plane  of  the  plates,  a  distance  pro- 
portional to  the  potential-difference  applied,  but  it  would  not 
stay  there.  It  would  creep  back  to  the  zero  position,  first  rapidly 
and  then  more  slowly.  Similar  difficulties  have  been  observed  in 
cathode  tubes  by  Thomson1,  Wehnelt,2  Milham,3  and  others. 
Thomson  traced  the  effect  to  the  conductivity  imparted  to  the 
residual  gas  by  the  passing  cathode  rays.  He  measured  the  con- 
ductivity of  the  gas  and  found  that  it  decreased  with  improved 
vacuum,  so  that  if  a  high  enough  vacuum  was  reached  the  beam 
would  stay  permanently  deflected.  The  positive  and  negative 
ions  between  the  plates  diffuse  until  the  positive  plate  becomes 
coated  with  negative  ions  and  the  negative  with  positive  ions, 

>  J.  J.  THOMSON.     Phil.  Mag.,  vol.  206,  1897,  pp.  293-316. 

*  WEHNELT,  Phys.  Zeit.,  1905,  pp.  732-733;  Verh.  d.  Deutsch.  Phys.  CeseU.,  1903,  p.  29. 

•MILHAM,  Phys.  Zeil.,  1901,  p.  637. 
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with  the  result  that  the  electric  intensity  gradually  vanishes. 
The  Wehnelt  cathode  ceases  to  act  if  the  pressure  is  less  than 
about  0.0008  mm.,  and  no  permanent  deflection  could  be  obtained 
within  the  range  of  pressures  for  which  this  cathode  will  work. 
Wehnelt  has  constructed  a  Braun  tube  equipped  with  this  form  of 
cathode  and  obtained  a  permanent  deflection,  but  he  used  a  dia- 
phragm which  is  impracticable  here  because  the  particles  are  de- 
flected magnetically  out  of  the  axis  of  the  tube  as  soon  as  they 
leave  the  cathode. 

The  work  of  Milham  suggested  that  use  might  be  made  of  the 
jump  which  he  found  to  be  proportional  to  the  change  in  the  po- 
tential-difference between  the  plates.  One  jump,  however,  would 
hardly  leave  an  impression  on  the  photographic  plate,  so  use  was 
made  of  a  commutator.  The  alternating  electromotive  force 
would  cause  the  beam  to  vibrate  across  the  plate.  We  should 
have  a  straight  line  traced  out  on  the  plate  in  a  plane  perpendic- 
ular to  the  plane  of  the  field  plates.  Referring  to  Fig.  2,  let  A  be 


FIG.  2 

the  first  exposure  made  by  applying  the  alternating  electromotive 
force,  the  tube  being  stationary  during  this  exposure.  Because  of 
the  form  of  commutator  used,  the  ends  of  the  line  are  more  dense 
than  the  line  itself.  During  intervals  of  zero  potential  the  beam 
would  not  have  time  to  creep  appreciably  from  the  position  of 
maximum  deflection. 

Having  made  an  exposure  at  A,  the  electrostatic  circuit  is 
broken  and  the  plates  shorted.  The  tube  is  now  slowly  turned 
and  a  part  of  the  trace  due  to  the  magnetic  deflection  will  be  de- 
scribed. At  B  the  tube  is  stopped  and  an  alternating  electromotive 
force  again  applied.  As  many  exposures  as  desired  may  be  made 
for  the  electrostatic  deflection  on  a  given  plate.  The  electrostatic 
deflection  is  half  the  distance  between  the  spots. 
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III.      THE  APPARATUS. 

Fig.  3  is  a  sketch  of  the  apparatus  used.     It  consists  of  an 
outer  wooden  frame  equipped  with  leveling  screws.     The  tube  is 


FIG.  3 

firmly  fastened  to  the  inner  frame  by  clamping  with  a  lining  of 
tape  and  felt  at  T  and  by  blocking  by  means  of  corks  at  G  placed 
between  the  widened  part  of  the  tube  and  the  vertical  parts  of  the 
frame.  At  P  the  inner  frame  rests  on  a  pivot  supported  at  the 
bottom  of  the  outer  frame.  The  other  bearing  is  the  tube  itself 
where  it  passes  through  the  upper  part  of  the  outer  frame  at  E. 
This  opening  is  felt  lined  and  adjustable.  Thus  the  inner  frame 
and  the  discharge  tube  which  it  supports  turns  freely  about  a 
vertical  axis  passing  through  P. 
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The  anode  is  at  A  and  the  cathode  is  indicated  at  C.  In  gen- 
eral the  direction  that  the  beam  takes  is  uncertain,  hence  the 
cathode  must  be  made  adjustable.  Jl  is  a  ground  joint,  and  by 
turning  here  the  beam  can  be  shifted  in  a  plane  perpendicular  to 
the  plane  of  the  drawing.  It  will  be  seen  later  that  by  turning  the 
stem  going  through  the  joint  /2  the  corresponding  adjustment  in 
the  plane  of  the  drawing  can  be  made. 

The  plates  which  produce  the  electrostatic  deflection  are  shown 
below  E.  They  are  of  aluminum  and  are  rigidly  fastened  to  four 
hard  rubber  posts.  By  placing  friction  pins  in  one  end  of  each 
of  the  posts  these  plates  are  held  at  any  desired  position  in  the  dis- 
charge tube.  Electrical  contact  is  made  with  the  plates  by  small 
coiled  springs  which  are  fused  to  the  platinum  electrodes  which 
lead  out  through  the  two  side  tubes  shown.  These  springs  being 
flexible  make  good  contact  and  permit  of  a  considerable  range  up 
or  down  for  the  field  plates.  The  electrodes  leading  to  these  field 
plates  are  connected,  one  to  each  of  the  amalgamated  copper  slip 
rings  shown  one  above  and  one  below  the  two  side  tubes,  which  in 
turn  communicate  through  the  brushes  at  B  and  the  key  K  with 
the  commutator  circuit. 

Near  the  top  of  the  apparatus  at  R  are  three  hard  rubber  rings 
containing  each  an  annulus  of  mercury.  The  upper  two  are  con- 
nected to  wires  which  enter  the  discharge  tube  through  sealed  in 
platinum  wires  at  the  dotted  circle  at  M  and  conduct  the  heating 
current  to  the  lime  cathode  at  C.  One  of  these  annular  contacts 
(the  middle  one)  serves  also  as  the  connection  to  the  negative  pole 
of  the  high  potential  battery  producing  the  discharge,  the  positive 
pole  of  this  battery  connecting  through  the  lower  annulus  to  the 
anode  A . 

D  is  a  drying  bulb  containing  P205  and  L  is  a  charcoal  bulb. 
J3  is  a  ground  glass  joint  accurately  centered  to  admit  the  dis- 
charge tube  being  turned  freely  without  binding.  Connection 
beyond  J3  is  made  to  a  power-driven  Gaede  capsule  pump. 

Referring  to  the  commutator-circuit,  the  two  wheels  shown 
diagrammatically  are  fastened  to  the  same  axle  so  the  reversals 
are  synchronous.  When  the  wheels  are  in  the  position  shown, 
relative  to  the  brushes  indicated  by  the  spots,  the  displacement 
current  takes  the  direction  indicated  by  the  arrows  provided  the 
plunger  of  the  high  insulation  key  K  is  down.  When  the  plunger 
is  up,  the  commutator  circuit  is  broken  and  the  field  plates  short- 
circuited. 
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Reference  has  been  made  to  the  adjustment  of  the  beam  in 
the  plane  of  the  paper.  In  Fig.  4,  A  is  one  of  the  leads  leading  to 
the  electrode*  at  M,  Fig.  3.  B  is  the  end  of  the  glass  tube  going 


FIG.  4 

through  the  joint  Jr  At  C  are  two  short  solid  glass  rods  fused  to 
the  ends  of  this  tube.  The  two  heavy  vertical  lines  are  spring 
brass  strips  soldered  to  the  two  split  brass  sleeves  which  fit  snugly 
over  the  glass  rods.  £  is  a  thick  piece  of  mica  which  adds  stiffness 
to  the  system  and  serves  as  a  bearing  for  the  central  rod,  the  lower 
end  of  which  fits  into  the  glass  stem  going  through  J2,  Fig.  3. 
F  is  a  brass  strip  and  at  the  lower  end  has  a  slot  cut  crosswise, 
this  part  being  at  right  angles  to  the  main  part  of  the  strip.  A  pin 
in  the  bent  part  of  the  long  central  rod  fits  into  this  slot  and  as 
the  stem  through  the  joint  J2,  Fig.  3,  is  turned,  the  central  rod 
turns  and  the  cathode  proper,  mounted  on  the  strip  F,  is  rocked 
through  a  considerable  angle.  The  bearings  of  the  cathode  are 
two  cone-shaped  pins  which  fit  into  V-shaped  dents  in  the  brass 
strips.  To  insure  good  contact,  the  strips  are  adjusted  to  press 
against  the  pins.  The  platinum  strip  to  be  heated  and  upon  which 
the  lime  is  placed,  is  mounted  on  this  pivoted  cathode  in  such  a 
manner  that  the  current  which  enters  by  one  bearing  passes  through 
the  platinum  strip  and  leaves  by  the  other.  A  spot  of  lime  0.2  mm. 
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in  diameter  gives  a  sharp  beam,  hence  the  strip  need  not  be  over 
0.3  mm.  wide. 

A  special  plate  holder  and  shutter  was  devised.  This  is  de- 
tailed in  Fig.  5,  where  A,  a  thick  glass  plate,  closes  the  lower  end 
of  the  discharge  tube.  A  hole  is  bored  through  this  plate  and  a 
glass  tube  B  which  supports  the  shutter  is  inserted  and  waxed  on 
with  Bank  of  England  wax.  This  wax  was  also  used  in  fastening 
the  wide  part  of  the  tube  to  the  narrow  part,  and,  it  may  be  re- 
marked, served  as  a  source  of  lime  for  the  hot  cathode.  The 
holder  itself  is  a  short  brass  cylinder  closed  at  one  end,  about  one 
centimeter  deep  and  nine  centimeters  in  diameter.  The  shutter 
was  made  by  cutting  a  circular  sheet  of  thin  aluminum  into  six 
segments.  Each  segment  is  hinged  at  its  base  as  shown  at  1  in 
the  figure.  Since  the  leaves,  to  be  light-tight,  lap  over  each  other, 
they  must  come  up  at  different  times,  and  in  the  figure  four  of  them 
are  shown.  Leaf  1  was  the  first  to  go  up,  2  started  next,  then  3, 
and  leaf  4,  which  is  seen  edgewise,  has  not  yet  moved.  The  leaves 
are  moved  by  a  system  of  springs  and  strings  and  are  actuated  by 
turning  at  the  winch  E,  the  details  of  which  are  given  in  Fig.  5. 
The  leaves  are  prevented  from  opening  too  far  by  stops  placed  as 
shown  and  on  releasing  the  springs  close  of  their  own  weight  in 
the  inverse  order  of  opening.  The  openings  shown  at  the  ball  and 
plate  at  the  bottom  are  convenient  when  making  adjustments. 

IV.      MANIPULATION. 

When  making  a  determination  the  pump  was  generally  run 
for  over  an  hour  after  having  closed  the 
bottom  of  the  tube  with  the  plate  holder 
shown  in  Fig.  5.  Half-and-half  wax  (bees- 
wax and  rosin)  was  used  in  making  this 
joint  air-tight.  The  charcoal  bulb  was 
gently  heated  during  the  time  of  pumping 
in  order  to  drive  off  any  air  absorbed  at 
ordinary  temperatures.  The  shutter  of  the 
plate  holder  was  efficient  enough  to  prevent 
fogging  by  the  light  from  the  flame  and  the 
partly  darkened  room.  Having  pumped  for 
over  an  hour,  the  charcoal  bulb  was  im- 
P  -  mersed  in  liquid  air  for  about  15  minutes 

before  making  an  exposure.    A  potential- 
difference  of  800  volts  from  a  high-potential  battery  was  then  ap- 
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plied  and  the  resistance  in  the  heating  circuit  adjusted  until  the 
platinum  strip  glowed  a  faint  red.  It  was  left  this  way  for  about 
5  minutes.  Then  the  heating  current  was  gently  increased  until  a 
barely  visible  beam  appeared.  The  beam  increased  in  intensity, 
and  in  a  minute  or  two  would  give  a  phosphorescent  spot  on  the 
leaves  of  the  plate  holder  which  were  covered  with  a  thin  layer  of 
willemite. 

The  first  adjustment  is  to  shift  the  cathode  so  the  spot  will 
stay  on  the  plate  holder  cover  during  a  complete  turn  of  the  tube. 
This  is  made  by  turning  at  the  joints  Jl  and  /2,  Fig.  3.  The  next 
adjustment  is  to  produce  a  well  defined  spot  on  the  cover,  for  it  is 
usually  a  drawn-out  band  2  or  3  centimeters  in  length  in  a  plane 
perpendicular  to  the  plane  of  the  electrostatic  field  plates.  The 
beam  is  not  narrow  in  passing  between  the  plates,  but  spreads  out, 
and  only  a  bluish  glow  is  visible.  Beyond  the  plates,  however,  two 
converging  beams  are  seen,  these  generally  crossing  at  the  lower 
end  of  the  tube.  It  was  found  that  the  position  of  crossing  depended 
on  the  heating  current.  On  varying  this  it  was  possible  to  make 
the  two  beams  cross  right  at  the  screen,  or  better,  a  little  below, 
so  they  would  cross  at  the  photographic  plate.  It  is  only  then  that 
a  sharp  trace  and  definite  spots  are  found  on  the  plate.  There  is 
more  than  one  value  of  the  heating  current  or  temperature  at  which 
this  adjustment  can  be  made.  It  is  best  to  take  the  lower  temper- 
ature, for  the  number  of  electrons  striking  the  plate  is  then  enor- 
mously less  and  the  film  will  not  be  in  danger  of  over-exposure 
while  stopping  from  time  to  time  to  apply  the  potential-difference 
to  the  electrostatic  plates.  Having  adjusted  the  beam  to  sharp- 
ness and  having  waited  long  enough  so  conditions  are  steady,  the 
tube  is  turned  around  again,  to  make  sure  that  the  beam  will  not 
go  off  the  plate,  before  making  the  exposure.  In  making  the  ex- 
posure the  commutator  is  first  set  going  and  then  the  key  K  (Fig.  3) 
raised  to  short-circuit  the  electrostatic  plates.  Noting  the  position 
of  the  tube,  the  shutter  is  opened  and  the  discharge  tube  turned 
slowly  through  a  small  angle.  The  key  K  in  the  commutator  cir- 
cuit is  then  lowered  and  the  beam  is  allowed  to  oscillate  for  8  or 
10  seconds.  The  key  is  now  raised  and  the  tube  is  again  slowly 
turned  through  any  desired  angle,  and  an  exposure  due  to  the 
electrostatic  deflection  is  again  made.  This  is  continued  as  often 
as  is  desired  until  the  tube  has  been  once  around,  when  the  shutters 
are  closed  immediately.  Having  admitted  air  into  the  discharge 
tube,  the  plate  holder  is  removed  by  gently  heating  the  plate  at 
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the  bottom  of  the  tube,  since  the  half-and-half  wax  is  easily  melted. 
In  this  connection  it  should  be  stated  that  it  was  found  best  to 
renew  the  lime  for  each  exposure  and,  since  it  is  practically  im- 
possible to  get  a  small  new  spot  over  an  old  one,  it  is  best  to  renew 
the  platinum  strip  also. 

v.     RESULTS. 

Measurements  were  made  on  10  photographic  plates,  numbered 
11-20  inclusive.  The  previous  10  plates  were  rejected,  since  they 
represented  the  preliminary  work,  and  either  lacked  the  electro- 
static deflections  because  the  commutator  was  not  used,  or  were 
unreliable  because  of  a  faulty  voltmeter  that  was  at  first  used. 
Reproductions  from  photographs  13,  15,  17,  18,  19,  20  appear  in 
Plate  I,  and  show  improvement  in  sharpness  of  trace  and  defini- 
tion of  spots  as  experience  was  gained  in  adjusting  the  beam. 

To  get  the  magnetic  deflection  it  is  best  to  measure  the  diameter 
of  the  circle  in  a  direction  perpendicular  to  the  lines  joining  pairs 
of  spots,  for  the  circle  under  certain  conditions  tends  towards  an 
elliptical  shape.  This  is  especially  true  if  the  discharge  voltage  is 
much  below  800  volts,  giving  the  electron  a  low  velocity,  and  hence 
a  large  deflection,  which  may  result  in  the  lower  ends  of  the  plates 
interfering  with  the  passage  of  the  beam.  There  can  be  no  such 
interference  in  the  plane  of  the  plates. 

In  measuring  the  electrostatic  deflections  it  is  only  necessary 
to  take  half  of  the  distance  between  any  pair  of  spots.  It  should 
be  remarked  that  the  spots  appear  much  more  definite  on  the  neg- 
ative if  it  is  held  against  a  light,  or  a  white  background,  than  on 
the  prints.  Usually  5  measurements  were  made  of  the  magnetic 
deflection  and  10  of  the  electrostatic  from  each  plate  and  mean 
values  used  in  the  calculation  of  H. 

TABLE  1. 
Photo- 
graphic 
Plate 

11 
12 
13 
14 
15 
16 
17 


c 

V 

volts 

z 

cms. 

y 

cms. 

H 
cgs. 

H—  Hm 

0.03504 

10. 

50 

2 

.00 

1.75 

0. 

1716 

+0 

.0053 

0 

.03378 

9, 

63 

2 

.02 

1.73 

0. 

1610 

-0.0053 

0 

.03504 

9. 

63 

1 

.98 

1.78 

0. 

1614 

-0. 

0049 

0 

.03504 

9. 

34 

1 

.96 

1.59 

0. 

1665 

+0 

0002 

0 

.03504 

9 

33 

2 

.10 

1.77 

0. 

1690 

+0. 

0027 

0 

.03504 

10, 

78 

2 

.13 

2.18 

0. 

1660 

-0. 

0003 

0 

.03504 

9 

33 

2 

.07 

1.66 

0. 

1719 

+0. 

0056 
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Photo- 

graphic 

C 

V 

z 

y 

H 

H  —  Hm 

Plate 

volts 

cms. 

cms. 

cgs. 

18 

0.03504 

9.33 

2.08 

1.82 

0.1650 

-0.0013 

19 

0.03504 

9.36 

2.205 

1.941 

0.1662 

-0.0001 

20 

0.03504 

9.39 

2.097 

1.881 

0.1642 

-0.0021 

Mean  0.1663      ±0.0008 

The  data  from  the  ten  photographs  are  collected  in  Table  1. 
It  is  seen  that  C  is  the  same  for  all  determinations  except  No.  12, 
where  for  one  photograph  it  was  changed  by  lowering  the  position 
of  the  electrostatic-field  plates.  The  lengths  of  the  tube  /  and  V 
were  measured  with  a  cathetometer,  and  d  and  t  with  a  scale, 
giving  /  =  46.05  cms.,  I'  =  42.03  cms.,  d  =  10.00  cms.,  and  /  = 
1.52  cms. 

VI.       CORRECTION    FOR   IRREGULARITIES   OF   THE    FIELD. 

In  the  development  of  the  formula  it  was  assumed  that  the 
field  between  the  electrostatic  plates  was  perfectly  uniform  and 


FIG.  6 

did  not  extend  beyond  the  limits  of  the  plates.     This  is  not  the 
case,  and  a  correction  must  be  applied. 

In  making  this  correction  use  is  made  of  PI.  XII,  Vol.  1,  Max- 
well's Electricity  and  Magnetism,  where  the  equi-potential  surfaces 
and  lines  of  force  at  the  edges  of  a  parallel-plate  condenser  are 
given.  The  field  at  any  point  in  the  median  plane  can  be  obtained 
if  we  assume  that  the  force  is  proportional  to  the  density  of  the 
lines,  or  inversely  proportional  to  their  distances  apart.  Fig.  6 
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shows  the  cathode,  electrostatic  plates  and  photographic  plate  in 
the  positions  C,  P  and  S,  respectively.  The  distances  between  the 
lines  of  force  along  the  median  plane  are  accurately  measured 
from  Maxwell's  figure  and  their  reciprocals  plotted  as  ordinates 
in  the  curve  DEFGH  above  so  they  are  proportional  to  the  field 
at  points  directly  below.  The  height  of  the  rectangle  IJKL  gives 
the  field  at  all  points  below  for  the  ideal  case.  The  ordinates  are 
of  course  of  the  same  magnitude  for  both  cases  for  points  far  re- 
moved from  the  ends  of  the  plates. 
The  equation  of  motion  is 

d*y  _  e^  d$ 
df*  ~mdy 

where  y  is  measured  in  a  direction  perpendicular  to  the  axis  of  the 
tube  and  <£  is  the  potential.    A  first  integral  is 
dy  _     e     rx  d<f>  . 
dt       mv  J  o  dy 

since  vdt  =  dx,  where  x  is  measured  along  the  axis  of  the  tube. 
The  integral  is 


where  xl  is  the  distance  of  the  photographic  plate  from  the  cathode 
and  -y-  is  the  electric  force  and  is  proportional  at  any  point  to 

the  ordinates  of  the  curves  DEFGH  and  IJKL  so  the  double  in- 
tegral can  be  evaluated  graphically.  To  do  this  DE  is  divided 
into  centimeters,  say,  on  a  drawing  of  larger  scale  than  here  shown 
and  ordinates  drawn  at  each  point  of  division.  The  areas  from 
the  ordinate  DH  up  to  each  of  the  ordinates  at  division  points  are 
then  measured  with  a  planimeter  and  plotted  as  ordinates  for  the 
corresponding  values  of  x  in  the  curve  below.  In  this  manner  the 
curve  with  rounded  corners  was  obtained,  it  being  noticed  that  the 
curve  becomes  horizontal  after  passing  the  field  because  there  is 
no  increase  in  area  under  the  curve  DEFGH.  The  process  was 
repeated  for  the  rectangle  IJKL  and  the  inner  curve  obtained. 
The  areas  under  these  curves  are  proportional  to  the  electrostatic 
deflections  and  their  ratio  turns  out  to  be  1.166;  so  the  measured 
deflection  is  too  large  in  that  ratio.  The  electrostatic  deflection 
measured  on  the  photographic  plate  therefore  must  be  divided  by 
1.166,  giving  for  equation  (3) 


„        -       (1.166  V       «    AQAx,       IV 

H  =  Cz  A =  1 . 080  Cz+  — 

\      y  \y 
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Applying  the  correction  factor  of  1.080  to  the  mean  value  of  H 
given  in  Table  1,  we  get: 

H  =  1.080  X  0.1663  =  0.1796 
The  relative  probable  error  of  this  result  is  ±  0.0008,  or  — -  H. 

In  the  absence  of  a  corresponding  result  with  a  standardized 
magnetometer,  we  have  no  means,  at  present,  of  determining  the 
absolute  error  of  our  value  of  H. 

VII.      DISCUSSION. 

The  distances  I  and  /',  which  are  large,  and  d  and  t  are  all  con- 
veniently measured  so  the  constant  C  fixed  by  them  can  be  de- 
termined to  the  degree  of  accuracy  required  by  the  other  data. 
The  voltmeter  could  be  read  to  1  part  in  1000,  however,  since 
there  were  slight  fluctuations  in  the  voltage,  these  readings  are 
probably  not  correct  to  more  than  0.3  per  cent.  This  is  also  the 
accuracy  to  which  the  factor  correcting  for  the  irregularity  of  the 
electrostatic  field  was  determined. 

Taking  Plate  No.  19  as  an  example,  none  of  the  measurements 
of  the  diameter  of  the  circle  giving  magnetic  deflection  differed 
from  the  mean  of  5  measurements  by  more  than  1  part  in  440. 
The  mean  deviation  of  individual  measurements  of  the  electro- 
static deflection  from  the  mean  of  9  measurements  was  2  parts  in 
388,  but  this  enters  to  the  one-half  power,  so  that  both  deflections 
enter  the  formula  to  about  the  same  degree  of  accuracy.  The  devi- 
ations from  the  mean  given  in  the  last  column  of  the  table  are 
large,  but  can  be  accounted  for  in  part  by  the  presence  of  electrical 
circuits  in  the  neighboring  rooms  of  the  laboratory.  The  devi- 
ations are  consistent  with  the  results  always  given  by  Braun 
tubes,  Milham1  having  found  that  special  precautions  as  to  pressure, 
moisture,  and  time  for  settling  to  a  steady  state  were  necessary  in 
order  that  determinations  should  agree  to  1  per  cent.  The  agree- 
ment among  the  values  of  H  is  as  good  as  that  among  those  given 
for  e  /m  by  cathode  rays.  The  best,  as  far  as  agreement  among 
the  values  is  concerned,  being  those  by  Seitz.2  In  that  part  of  the 
article  devoted  to  the  theory  it  was  shown  that  the  trace  obtained 
with  both  fields  effective  should  be  a  circle,  but  displaced  relatively 
to  that  obtained  with  the  magnetic  field  acting  alone.  Although 
no  permanent  deflection  was  obtained,  this  deduction  is  borne  out 

1  MILHAM,  Phys.  Zeit.,  1901,  p.  637. 

2  SEITZ,  Ann.  d.  Phys.,  8,  1902,  pp.  235-243. 
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by  passing  a  curve  through  the  spots  due  to  deflection  in  one  di- 
rection, as  has  been  done  in  Photographic  Plate  19.  The  curve  is 
a  circle. 

VIII.       SUMMARY. 

1 .  A  new  method  of  determining  H  has  been  developed  which 
depends  on  the  property  of  the  cathode  rays  of  being  deflected  by 
a  magnetic  and  an  electrostatic  field.     The  well-determined  ratio 
of  the  charge  to  the  mass  of  an  electron,  1.765  X  107,  was  assumed. 

2.  A  modified  form  of  Braun  tube  was  used,  equipped  with 
the  Wehnelt  hot-lime  cathode  adjustable  in  position,  and  deflec- 
tions were  recorded  on  a  photographic  plate. 

3.  The  difficulty  of  eliminating  the  Earth's  magnetic  field  for 
a  zero  reading  of  deflection  was  avoided  by  mounting  the  tube  in 
a  frame  free  to  turn  about  a  vertical  axis.     A  second  difficulty  in 
connection  with  the  breaking  down  of  the  deflecting  electrostatic 
field,  owing  to  ionization  of  the  residual  gas,  was  overcome  by  the 
use  of  an  alternating  electromotive  force. 

4.  A  method  of  correcting  for  irregularities  at  the  ends  of  the 
electrostatic  field  plates  was  devised.     Use  was  made  of  a  diagram 
giving  the  lines  of  force  and  equi-potential  surfaces  near  the  edges 
of  a  parallel   plate  condenser,   and   the  equation  of  motion  was 
integrated  graphically. 

5.  Ten    determinations    of   H  were   made   and    the   relative 
probable  error  is  in  the  fourth  significant  place.     The  agreement 
among   individual  determinations   is  of   the  same   order  as   that 
among  the  best  determinations  of  the  ratio  e /m,  using  cathode 
tubes. 

6.  The  method  is  another  example  of  the  many  interesting 
and  useful  applications  of  cathode  tubes  and  is  evidence  that  it  is 
practicable  to  use  the  Earth's  magnetic  field  for  deflecting  pur- 
poses when  measuring  e  /m,  if  that  field  is  known  by  other  means. 

The  method  is  due  to  the  senior  author  who  designed  and  made 
the  tube  and  took  part  in  the  preliminary  work.  The  modification 
of  using  an  alternating  electromotive  force  to  obtain  the  elec- 
trostatic deflection  is  due  to  the  junior  author  who  made  the  final 
observations,  the  end  corrections  for  the  electrostatic  field  plates, 
and  the  necessary  reductions  and  calculations. 

LABORATORY  OF  PHYSICS, 
UNIVERSITY  OF  ILLINOIS, 
May,  1915. 
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La  theorie  des  electrons  semble  expliquer  d'une  nianiere 
directe  les  phenomenes  inagnetiques.  En  etfet,  il  suffit  de  rem- 
placer  les  courants  elementaires  qui  constituent  les  aimants  par 
des  electrons  en  revolution  afiu  d'exprimer  la  theorie  d'Ampere 
sur  le  magnetisme  en  des  termes  de  la  theorie  des  electrons. 
Une  etude  plus  approfondie  de  J.-J.  Thomson  et  Voigt  montra 
cependant  que  les  electrons  en  mouveinent  ne  sont  pas  capables 
d'expliquer  les  phenomenes  magnetiques.  Ce  fut  seulement 
apres  les  recherches  experimentales  de  P.  Curie  que  P.  Lange- 
vin  reussit  h  donner  une  explication  plus  satisfaisante  du  dia- 
magnetisine  et  du  paramagnetisme.  P.  Curie  trouva  que  la 
susceptibilite  paramagnetique  est  inversemeut  proportionnelle 
k  la  temperature  absolue.  Langevin  conclut  qu'il  y  a  une  diffe- 
rence fondamentale  entre  les  proprietes  diamagnetiques  et 
paramagnetiques.  Dans  la  theorie  de  Langevin,  le  diamagne- 
tisme  est  une  propriete  caracteristique  de  chaque  molecule 
contenant  un  certain  nombre  d'electrons  en  revolution.  Si  le 
moment  magnetique  resultant  des  electrons  dans  une  molecule 
est  zero,  la  substance  est  diamagnetique ;  Faction  d'un  champ 
magnetique  exterieure  est  de  changer  faiblement  1'orbite  des 
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electrons,  c'est  la  modification  diamagnetique  de  la  molecule. 
Si  les  electrons  en  revolution  possedent  un  moment  magnetique 
resultant,  la  substance  doit  etre  paramagnetique.  La  matiere, 
dans  toutes  ces  formes,  est  diamagnetique  et  il  y  a  une  diffe- 
rence profonde  entre  le  diamagnetisnie  et  le  paramagnetisme 
qui  masque  pour  ainsi  dire  le  diamagnetisme,  sans  qu'il  y  ait 
transition  continue  d'un  groupe  de  phenomenes  a  1'autre.  Lan- 
gevin  constate  que  les  constantes  paramagnetiques  sont  tres 
grandes  en  comparaison  des  constantes  diamagnetiques. 

P.  Weiss  a  etendu  la  theorie  de  Langevin  aux  substances 
feiTomagnetiques  en  introduisant  dans  la  theorie  de  Langevin 
le  champ  moleculaire  qu'on  doit  aj  outer  au  champ  exterieur 
pour  rendre  compte  des  actions  mutuelles  des  aimants  elemen- 
taires.  En  outre,  P.  Weiss  a  reussi  a  donner  une  explication 
quantitative  de  plusieurs  phenomenes  ferromagnetiques.  J'ai 
applique  cette  theorie  &  la  determination  des  valeurs  absolues 
des  moments  magnetiques  elementaires  (').  Je  me  suis  servi  de 

1'equation  de  Weiss  : 

SrO 


2m  =  1'intensite  theorique  de  Taimantation  au  zero  absolu. 

H  =  la  temperature  k  laqueile  le  ferromagnetisme  disparait. 

N  =  2,72.  1019. 

II  est  facile  de  determiner,  indirectement,  il  est  vrai,  la 
quantite  elementaire  e  de  1'electricite.  Voici  les  resultats  obte- 
nus  jusqu'a  present  : 


wlO-° 

elO20 

Fe  

5,15 

1,60 

Fe?04  
Ni  

2,02 
3,65 

0,90 
1,54 

Co 

6,21 

1,56 

1.  Alliage  de  Heusler 
2.       »                » 

3,55 
4,23 

1,54 
2,04 

Valeur  moyenne  :  1,53.  lO"20  =  e. 

*)  The  absolute  values  of  the  moments  of  the  elementary  magnets  of 
nickel  and  magnetite  Physical  Eevieiu,  1910,  vol.  XXX,  p.  359. 
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Cette  valeur  de  e  s'accorde  assez  bien  aux  valeurs  obtenues 
par  d'autres  methodes  tout  h  fait  independantes.  Mais  P.  Weiss 
a  lui-meme  mesure  les  intensites  d'aimantation  aux  tres  basses 
temperatures;  il  a  trouve  des  deviations  notables  entre  la  theo- 
rie  et  I'experience  et  il  a  decouvert  en  meme  temps  un  diviseur 
commun  parmi  les  intensites  moleculaires  des  substances  ferro- 
maguetiques.  II  a  appele  cette  quantite  le  magneton-gramme, 
pour  lequel  il  trouva  la  meme  valeur,  1123,5,  pour  toutes  les 
substances.  II  senible  done  que  le  ferromagnetisme,  au  moins, 
se  compose  partout  du  meme  element  magnetique  comme  une 
quantite  d'eiectricite  negative  est  toujours  un  nombre  entier 
d'  electrons.  M.  P.  Weiss  trouva  d'autres  phenomenes  qui  con- 
firmaient  apparemment  1'existence  du  magneton  commun  h 
toutes  les  substances  paramagnetiques.  Ainsi,  au  dessus  de  la 
temperature  critique,  la  susceptibilite  paramagnetique  de  Fe304 
montre  des  discontinuites  comme  fonction  de  la  temperature  et 
les  difterentes  portions  de  la  courbe  rectiligne  donneut  lieu  h 
une  nouvelle  determination  du  magneton.  II  est  surprenant  que 
P.  Curie  n'ait  pas  trouve  ces  discontinuites.  En  outre,  il  est 
possible  que  la  constitution  chimique  de  ce  cristal  change  a  ces 
temperatures  elevees.  Ensuite  P.  Weiss  a  applique  1'equation 


aux  dissolutions  de  substances  paramagnetiques  contenant  du 
fer  et  h  un  grand  nombre  de  sels  solides.  Quant  aux  solutions, 
il  a  ete  demontre"  par  Koenigsberger  et  Meslin,  que  le  coeffi- 
cient moleculaire  de  Faimantation  des  substances  dissoutes  est 
une  fonction  de  la  concentration,  du  moins  pour  quelques 
exemples,  de  sorte  qu'il  devient  necessaire  d'examiner  des  solu- 
tions ou  infiniment  diluees  ou  tres  concen  trees,  etude  dont 
les  resultats  ont  deja  ete  publies  dans  ce  journal.  Voici  les  nom- 
bres  donnes  par  P.  Weiss  : 


10,41 

30,09 

26,99 

20,04 

21,89 

25,99 

28,94 

12,12 

21,96 

27,11 

29,19 

20,16 

24,04 

27,91 

21,23 

20,16 

28,03 

27,69 

25,05 

— 

27,93 

28,83 

17,97 

— 
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II  est  k  remarquer  qu'on  peut  deplacer  la  virgule  d'un  chift're 
a  gauche  et  Ton  trouve  encore  des  noinbres  entiers,  surtout 
dans  la  seconde  serie  avec  une  seule  exception.  En  outre  le 
nombre  des  magnetons  par  molecule  est  plutot  eleve  et  il  n'est 
pas  tres  surprenant  qu'en  divisant  par  exemple  32.400  de 
FeCZ3  par  1123,5,  on  trouve  un  nombre  approximativement 
entier  tel  que  28,83  ou  2,88.  A  la  vue  des  nombres  tres 
eleves  des  dernieres  colonnes  on  se  demande  pourquoi  ces 
substances  sont  si  faiblement  magnetiques,  meme  aux  basses 
temperatures,  tandis  que  le  nickel,  qui  est  fortement  magne- 
tique,  ne  possede  que  trois  magnetons.  Eutiu  les  nombres  don- 
nes  par  P.  Weiss  sont  bases  sur  la  supposition  que  l'aimantation 
des  sels  purs  et  des  solutions  varie  d'apres  la  loi  de  Curie  jus- 
qu'au  zero  absolu.  Pour  autant  que  je  puis  le  savoir,  cette  sup- 
position n'a  pas  encore  ete  verifiee  par  des  experiences.  Mais, 
recemment,  Auguste  Piccard  (*)  a  determine,  avec  uue  haute 
precision,  la  susceptibilite  de  1'oxygene  &  20°  C.,  et  il  a  trouve 
pour  1'unite  de  masse  la  valeur 

X  =  1,0568.  10~4  . 

En  admettant  la  loi  de  Curie  jusqu'au  zero  absolu,  il  trouve 
pour  le  moment  de  Tatome 

o  =  7,8725.  103  , 

et  en  divisant  cette  valeur  par  le  moment  du  magneton-gramme 
1123,5,  on  obtient  le  nombre  entier  7,007.  Or,  il  a  ete  demontre 
par  des  experiences  de  H.  Kamerlingh  Dimes  et  A.  Perrier 
qu'aux  basses  temperatures,  la  susceptibilite  de  1'oxygene 
change  d'apres  la  loi 

2284  1690 


c'est-a-dire  que  la  susceptibilite  specifique  change  plus  lente- 
ment  en  fonction  de  la  temperature  que  ne  1'iudique  la  loi  de 
Curie.  Si  cette  substance  elementaire  n'est  pas  d'accord  avec 
la  loi  de  Curie,  de  pareilles  deviations  pour  les  sels  solides  et 

*)  Arch.  cS'c.  phys.  et  nat.,  1913,  t.  XXXV,  p.  480. 
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pour  les  solutions  sont  tres  probables.  En  meme  temps,  le 
nombre  des  confirmations  cle  1'  existence  du  magneton  de 
P.  Weiss  est  considerablement  reduit.  En  tout  cas,  le  nombre 
des  magnetons  semble  varier  dans  1'atome  d'un  element  seule- 
merit  comme  le  nickel  qui  contient  3  magnetons  aux  basses 
temperatures,  8  aux  temperatures  elevees,  9  &  la  limite  des 
alliages  du  nickel  et  du  fer,  16  dans  les  solutions. 

Pour  determiner  le  magneton,  P.  Weiss,  en  abandonnant  la 
theorie,  a  directement  mesure  les  moments  moleculaires  du  fer, 
du  nickel  et  du  cobalt  ;  Au^uste  Piccard,  au  contraire,  s'est  servi 
de  la  theorie  pour  arriver  au  magneton  malgre  les  experiences 
qui  sont  en  contradiction  avec  la  theorie.  Si  nous  admettons 
cette  theorie  de  Langevin  jusqu'au  zero  absolu,  nous  trouve- 
rons,  pour  le  moment  elenientaire  de  1'oxygene  : 

m  =  2,58.  io~20  , 
car 

Nw  =  15,745.  103          et          N  =  6,06.  1023  . 

Le  moment  de  chaque  magneton  de  Weiss,  au  contraire, 
serait  egal  k 

-    -1810— 
33  ~ 


6,06.  10 

Done,  si  nous  determinons  les  moments  elementaires  au 
moyen  de  la  theorie  de  Langevin,  nous  trouvons  des  valeurs 
qui  varient  eritre  2,02.  10~20  et  5,15.10~20;  pour  des  substances 
aussi  differentes  que  1'oxygene,  le  fer,  le  magnetite  et  les  alliages 
de  Heusler.  Ces  valeurs  peu  variables  sont  de  1'ordre  de  gran- 
deur de  la  valeur  theorique  basee  sur  la  constante  h  de 
M.  Planck.  Considerons  en  effet  un  electron  en  revolution  dans 
une  orbite  circulaire  de  rayon  r,  de  vitesse  v  ;  la  force  vive  L 
sera  : 

1  moV2  ho 

-mv.  =  ___  =zhn  =  _2. 

hz 

car-  =  —  ; 
nm  ' 
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z  est  uu  norabre  entier.  Le  moment  de  1'electron  en  revolu- 
tion sera 

M  =  «A  ;         A  =  jrr2  ;         i  =  ~  =  ~  ; 

_  ecor2  _  e    h 
~~2~    =  mZn*' 

-  =  1,77.  107  ;         h  =  6,5.  IfT27  . 

Mettons  3  =  1,  nous  aurons 

M  -  1,83.10-20  . 

Dans  ces  conditions,  nous  trouvous  pour  le  nombre  n  de 
revolutions  l,63.1015en  admettant  pour  r  =  1,5.10~8.  Pourquoi 
ces  magnetons  ne  sont-ils  pas  des  sources  lumineuses  V 

On  ne  doit  pas  attribuer  trop  d'  importance  k  la  coincidence 
approximative  de  la  valeur  1,83.10~20  aux  valeurs  determinees 
au  moyen  de  la  theorie  de  Langevin;  car  on  trouve  h  peu  pres 
la  meme  valeur  pour  le  moment  magnetique  elementaire  sans 
faire  usage  de  la  quantite  /i,  en  calculant  la  vitesse  de  1'electron 
par  1'  equation 


On  trouve  : 

v  =  1,3.10s  ;         v  =  2mir  ;         n  =  1,4.  1015  ; 
M  =  1,54.10-20 

La  derniere  question  se  pose  de  uouveau.  Ou  la  theorie  de 
quantites  d'euergie  dans  Implication  ci-dessus  est  fausse,  ou 
1'electron  formant  le  magneton  a  des  proprietes  ditferentes  de 
celui  des  rayons  cathodiques,  ou  le  magneton  se  compose  de 
matiere  magnetique  proprement  dite.  Quoiqu'il  en  soit,  il  y  a 
certainement  des  magnetons,  mais  la  question  de  savoir  si  tous 
les  magnetons  des  differentes  substances  sont  identiques  ou 
variables  ne  me  semble  pas  encore  decidee. 

Laboratoire  de  Physique,  Universite  d'lllinois. 
Urbana,  22  Janvier  1915. 
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A  FALL  APPARATUS  FOR  ELEMENTARY  WORK. 

BY  A.  P.  CARMAN  AND  L.  A.  PINKNEY, 

University  of  Illinois,  Urbana. 

The  accelerated  motion  of  a  freely  falling  body  is  one  of  the 
most  striking  of  universal  physical  occurrences,  and  yet  it  is  one 
of  the  most  difficult  for  direct  and  simple  experiment.  The 
greatest  difficulty  comes  in  the  measurement  of  the  small  interval 
of  time  for  practicable  distances  of  fall.  Yet  this  time  interval 
must  be  measured  with  a  considerable  accuracy,  for  it  comes  into 
calculations  as  the  squares. 

To  get  around  the  measurement  of  these  short  times,  we  have 
devices  for  retarding  the  motion  according  to  some  definite  law. 
The  earliest  of  these  devices  is  that  of  the  inclined  plane,  which 
was  used  by  Galileo  in  his  epoch-making  work  in  founding  the 
science  of  dynamics.  It  is  interesting  to  note  that  Galileo  used 
the  flow  of  water  from  a  large  tank  as  the  most  accurate  method 
available  for  the  measurement  of  small  time  intervals,  the  escape- 
ment clock  not  being  invented  until  1656,  a  half  century  later. 
(See  Crew  and  de  Salvio's  translation  of  Galileo's  Two  New 
Sciences,  page  179.) 

The  second  device  for  producing  retarded  falling  motion  is 
that  invented  in  1784  by  the  Cambridge  University  professor, 
George  Atwood.  The  famous  "Atwood's  machine,"  in  various 
ingenious  forms,  has  played  a  big  role  in  elementary  instruction  in 
physics  for  over  a  century  and  a  quarter.  One  thing  that  can 
be  said  for  it,  is  that  the  student  who  understands  the  Atwood's 
machine  has  clear  conceptions  of  mass,  momentum  and  force,  and 
also  knows  something  about  errors  in  physical  apparatus. 

The  fact  that  both  the  inclined  plane  and  the  Atwood's  machine 
call  for  extra  conceptions  and  difficult  corrections,  has  led  in  recent 
years  to  the  development  of  devices  for  the  direct  measurement 
of  the  time  of  a  freely  falling  body.  It  is  obvious  that  such  a 
direct  method  of  experimenting  has  decided  advantages  for  ele- 
mentary instruction  if  a  fair  degree  of  accuracy  can  be  reached. 
An  examination  of  elementary  laboratory  manuals  of  physics, 
and  of  the  two  standard  journals  for  teaching  physics,  School 
Science  and  the  Zeitschrift  fiir  Physikalischen  und  Chemischen 
Unterricht,  shows  a  score  or  more  of  recent  pieces  of  apparatus 
for  getting  directly  the  time  of  a  freely  falling  body. 

The  following  is  an  account  of  a  piece  of  apparatus  of  this 
kind  which  we  have  developed  during  the  last  two  years.  It  is 
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evidently  modeled  on  a  well  known  previous  form  of  fall  appa- 
ratus, but  contains  two  or  three  new  and  essential  features  which 
experiments  show  contribute  greatly  to  accuracy  and  convenience. 
The  apparatus  is  shown  in  the  accompanying  figure  (Fig.  1). 
A  vertical  steel  rod  about  1.5  meters  high  is  fitted  with  a  clamp  at 
A  to  support  the  knife  edges  of  a  pendulum.  The  lead  ball  M 
which  is  to  be  released  for  free  fall,  is  hung  by  a  fine  thread  to  a 
small  piece  of  fine  fuse-wire  which  is  stretched  horizontally  across 
two  binding  posts  in  a  hard  rubber  fork  held  on  the  clamp  B.  The 


FIG.  1. 

pendulum  is  about  80  centimeters  long  and  consists  of  two  rods 
attached  below  to  RS  a  rectangular  block  of  wood  which  forms 
the  "bob."  The  upper  ends  of  the  rods  are  attached  to  the  knife 
edge  yoke.  The  pendulum  is  held  in  its  position  of  maximum  dis- 
placement by  a  small  hook  which  is  caught  over  the  fuse  which 
is  stretched  horizontally  across  an  insulating  fork.  The  two  pieces 
of  fuse  wire  can  be  connected  simultaneously  into  a  110  volt 
electric  circuit  by  a  single  switch.  The  110  volt  electric  circuit 
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is  that  of  the  lighting  system  of  the  building,  connection  being 
made  to  a  lamp  socket  by  an  attachment  plug.  The  fuses  were 
sometimes  connected  in  parallel  and  sometimes  in  series.  With 
these  small  equal  fuse  wires,  and  with  the  high  voltage,  the  fuses  ap- 
pear to  "blow"  instantaneously.  We  found  that  both  fuses  "blew" 
when  in  series  and  so  have  generally  used  this  connection,  for 
it  seemed  to  insure  that  the  releases  of  the  ball  and  of  the  pendu- 
lum must  take  place  almost  if  not  actually  at  the  same  instant. 

The  point  where  the  ball  M  strikes  the  swinging  block  RS  of 
the  pendulum  is  fixed  by  the  well  known  device  of  placing  a 
piece  of  carbon  paper  over  a  piece  of  white  paper  which  is  laid 
on  RS.  This  block  is  cylindrical,  the  axis  being  the  line  of  the 
knife  edges  of  the  pendulum.  In  adjusting  the  apparatus,  the 
ball  M  is  hung  in  place  so  that  it  strikes  at  the  middle  of  the 
block  RS,  when  the  pendulum  is  at  rest.  If  the  ball  strikes  the 
"middle  line"  when  the  pendulum  and  the  ball  are  released  simul- 
taneously, it  is  evident  that  "t"  the  time  of  the  fall  is  equal  to 
the  quarter  period  of  the  pendulum.  The  period  T  of  the  pendu- 
lum can  of  course  be  gotten  with  a  high  accuracy,  and  thus  t 
can  be  measured.  Then  measuring  h  the  distance  of  the  fall,  we 
calculate  "g"  directly  by  using  the  formula  h  =  -Jgt*.  To  get  the 
time  of  fall  equal  to  the  quarter  period  of  the  pendulum,  requires 
in  general  that  either  (a)  the  height  h  be  changed,  or  (b)  that 
the  period  T  of  the  pendulum  be  changed.  The  height  h  can 
be  changed  by  raising  or  lowering  the  support  A.  The  period  of 
the  pendulum  can  be  changed  by  raising  or  lowering  the  adjustable 
mass  D  which  is  clamped  across  the  pendulum  rods. 

This  adjustment  of  h  and  T  though  not  particularly  tedious 
requires  some  patience.  An  approximate  adjustment  is  however 
quickly  made,  and  is  all  that  is  necessary,  for  if  the  distance  of 
the  impact  of  the  falling  ball  from  the  "middle  line"  is  small,  the 
calculation  of  the  time  of  fall  is  very  simply  made.  Suppose  the 
pendulum  moves  from  right  to  left,  and  the  impact  point  is  a  dis- 
tance x  to  the  right  of  the  middle  line.  Then  the  time  of  fall  t  is 
a  quarter  period,  plus  the  time  that  it  takes  to  move  the  distance 
x  in  its  path.  If  the  distance  x  is  to  the  left  of  the  middle  line, 
then  z  is  to  be  subtracted  from  the  quarter  period  T/4  to  get  the 
time  of  fall.  The  time  z  for  small  values  of  x  is  then  equal  to 

xT 
— ,  where  r  is  the  amplitude  or  maximum  displacement  of  the 

2/TrT 

swinging  pendulum  and  T  as  above  is  the  period.    The  total  time 

T*  rip 

of  fall  is  then  t  =  — Hh  - — ••     To  prove  the  above,  we  consider 
4  ~     2-n-r 
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the  pendulum  motion  as  the  projection  upon  a  diameter  of  the 
uniform  motion  of  a  point  about  the  circle.  (Fig.  2).  That  is, 
the  motion  of  c  on  the  diameter  a'o'b'  is  the  same  as  that  of  the 
pendulum  if  c'  is  the  foot  of  the  perpendicular  let  fall  from  a  point 
P  which  moves  about  the  circle  in  the  period  T. 

Using  this  definition  of  an  ideal  pendulum  motion,  we  can  get 
directly  the  time  z  that  the  pendulum  takes  to  move  the  short 
distance  x  =  o'c'.  The  time  z  is  evidently  the  time  that  P  moves 
through  the  arc  PN.  As  P  moves  through  the  whole  circum- 
ference 2-rrr  in  time  T,  by  simple  ratio  we  get  the  time  z  for  the 

arc  PN,  as  z  =  PN  --. 


FIG  2. 


For  large  values  of  x,  it  is  necessary  to  use  a  trigonometric 
formula  to  get  the  corrected  time.    This  can  be  shown  to  be  z  = 
T 


arc-sin  x/r 


360C 


If  this  corrected  time  is  to  be  used,  pre- 


cision determinations  of  h  and  T  are  of  course  desirable. 

After  a  number  of  experiments  to  determine  the  best  propor- 
tions, the  following  dimensions  were  found  satisfactory;  length  of 
pendulum  105  cm.,  height  of  fall  h  varied  from  105  cm.  to  125 
cm.,  starting  displacement  R  of  the  pendulum  about  6  cm.,  diame- 
ter of  lead  ball  1.5  cm.  A  typical  set  of  six  successive  determina- 
tions gave  an  average  value  of  "g"  of  981.5  cm.  per  sec.  per  sec. 
with  extreme  values  of  978  and  985,  that  is  with  variations  of  less 
than  a  half  of  one  per  cent  from  the  mean.  In  measuring  the 
period  and  the  distance,  a  stop  watch  and  a  meter  bar,  such  as 
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are  available  in  an  ordinary  elementary  laboratory,  were  used, 
since  the  purpose  of  the  method  was  not  to  make  a  precision 
determination  of  "g,"  but  to  get  a  simple  and  practical  method  of 
getting  uniformly  good  approximate  values  of  "g."  By  using  a 
chronometer  for  measuring  the  period,  and  a  cathetometer  for 
determining  the  height,  it  seems  certain  that  this  apparatus  could 
be  made  to  give  values  of  "g"  fully  as  uniform  and  good  as  the 
elaborate  magnetic  release  apparatus  of  Edelmann,  and  that  may 
be  attempted  later. 


From  the  PHILOSOPHICAL  MAGAZINE,  vol.  xxxii.  October  1916. 


A  Wei  melt  Cathode-Ray  Tale  Magnetometer.  By  CHAS.  T. 
KNIPP,  M.A.,  PA./).,  Associate  Professor  of  Experimental 
Electricity,  and  L.  A.  WELO,  M.S.,  Research  Assistant  in 
Astronomy  i  University  of  Illinois,  U.S.A. 

[Plate  VIIL] 
L  Introduction. 

IN  a  recent  paper  *  the  authors  described  an  apparatus  for 
determining  the  horizontal  intensity  (H)  of  the  earth- 
magnetic  field,  depending  on  the  measurement  of  the  mag- 
netic and  electrostatic  deflexions  of  a  beam  of  cathode  rays 
and  on  the  assumption  of  the  ratio  of  the  charge  to  the  mass 
of  the  electron.  It  has  since  been  suggested  to  the  authors 
that  it  might  be  well  to  deduce  H  by  comparing  the  de- 
flexion produced  by  the  earth's  magnetic  field  with  the 
deflexion  produced  by  a  known  calculated  field,  thus 
avoiding  the  assumption  of  the  ratio  e/m.  It  was  for  the 
purpose  of  carrying  out  this  suggestion,  and  also  in  the  hope 
of  obtaining  a  more  compact  and  convenient  instrument,  that 
the  work  now  to  be  described  was  undertaken. 

II.    The  Apparatus  and  the  Manipulation. 

The  discharge-tube  is  a  glass  jar  about  40  cm.  in  height 
and  of  12  cm.  diameter,  clamped  at  the  bottom  to  a  brass 
plate,  which  is  in  turn  fastened  to  the  widened  part  of  a 
brass  pipe  about  5  cm.  in  diameter.  The  last  fastening  is 

*  Knipp  and  Welo,  Terrestrial  Magnetism  and  Atmospheric  Elec- 
tricity, vol.  xx.  1915,  pp.  53-GS. 
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adjustable  so  that  the  axis  of  the  discharge-tube  can  be  mnde 
to  coincide  exactly  with  that  of  the  pipe,  which  turns  in 
holes  cut  in  a  wooden  frame.  The  pipe  thus  serves  as  a 
bearing,  permitting  the  discharge-tube  to  be  turned  about 
a  vertical  axis.  The  rotation  about  the  vertical  axis  is  a 
necessary  feature  of  the  instrument,  for  the  earth's  magnetic 
field  cannot  very  wrell  be  eliminated  for  a  zero  reading 
of  the  deflexions,  but  they  must  be  observed  lor  various 
orientations  of  the  tube. 

The  tube  is  exhausted  through  ft  glass  stem  inside  of  the 
brass  pipe.  One  end  of  the  stem  is  waxed  into  a  hole  at 
the  bottom  of  the  jar,  and  the  other  is  fitted  by  a  long  and 
well-ground  joint  to  another  glass  stem  which  connects  to  a 
Gaede  capsule-pump,  to  a  bulb  containing  the  drier  P205, 
and  to  the  charcoal-liquid-air  bulb  for  further  improving 
the  vacuum. 

The  cathode  shown  at  C,  fig.  1,  is  of  a  form  previously 
described  by  the  authors  *  but  has,  in  this  case,  been  some- 
what simplified  and  made  more  compact.  The  object  of 
using  the  Wehnelt  cathode  rather  than  the  cold  aluminium 
cathode  is  to  secure  electrons  having  a  low  velocity  with 
consequent  measurable  -deflexions  for  the  relatively  weak 
earth-field,  and  at  the  same  time  get  a  definite  beam  of 
sufficient  range  without .  the  use  of  diaphragms,  as  was 
found  possible  when  the  spot  of  lime  (Bank  of  -England 
wax)  does  not  exceed  0*02  cm.  in  diameter.  The  direction 
that  the  beam  takes  is  uncertain,  and  two  adjustments  of  the 
cathode  are  necessary,  one  in  the  plane  of  the  drawing  and 
one  perpendicular  to  it.  If  the  beam  should  take  some 
such  direction  as  that  indicated  in  the  drawing,  fig.  1,  it  can 
be  made  to  take  a  vertical  direction  by  turning  at  the  joint 
J2,  and  a  similar  adjustment  in  a  plane  perpendicular  to  the 
plane  of  the  drawing  can  be  made  by  turning  at  J3. 

The  anode  is  an  aluminium  ring  of  nearly  the  internal 
diameter  of  the  jar,  lying  at  its  bottom,  and  connected  by  a 
wire  to  mercury  at  the  bottom  of  the  glass  stem  below  the 
joint  Jl8  The  mercury  is  in  contact  with  a  sealed-in  platinum 
wire  which  is  connected  to  the  positive  terminal  of  a  high 
potential  battery.  Since  the  cathode  and  the  wrire  leading 
to  the  anode  from  the  inside  of  the  exhaust-tube  are  very 
close  together,  a  mica  screen  is  inserted  at  M  to  prevent  a 
direct  discharge  which  might  take  place  if  the  vacuum 
were  at  a  favourable  stage,  with  possible  injury  to  the 
battery. 

The  deflexions  of  the  beam  of  particles  are  recorded  on  a 
*  Loc.  cif. 
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photographic  plate  held  near  the  top  of  the  tube  in  a  simple 
form  of  platehokler  and  shutter.  The  holder,  \vhich  rest**  on 
a  brass  ring  waxed  to  the  inside  of  the  tube,  is  a  disk  of 

Fig-.  L 
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S— Standard  Coil,  to  Battery. 

H— Heating  Circuit,  to  Battery. 

DIS— Discharge  Circuit,  to  High  Potential  Battery. 
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aluminium  with  a  small  segment  cvit  away.  On  the  under 
side  of  this  disk  a  shallow  box  is  built.  One  end  of  the  box 
is  slightly  undercut  on  the  inside  so  that  the  photographic 
plate  can  be  wedged  in,  and  a  wedge-shaped  clamp  actuated 
by  a  spring  in  the  w.ill  at  the  other  end  secures  the  plate  in 
position,  not  only  from  falling  out  but  presses  it  up  against 
the  disk,  so  that  its  position  is  never  in  doubt.  The  cover  is 
a  thin  aluminium  plate,  hinged  at  a  side,  bent  over  at  the 
edges  to  prevent  light  from  entering  edgewise,  and  is 
backed  by  a  spring  so  that  it  will  stsiy  closed.  The  lid 
is  opened  by  the  winch  shown  at  J4,  which  winds  a  string 
hooked  to  the  handle  on  the  lid.  The  discharge-tube  is 
closed  at  the  top  by  a  piece  of  plate-glass,  sealed  on  with 
half-and-half  (beeswax  and  resin)  wax. 

The  platinum  strip  on  which  the  lime  is  placed  is  heated 
electrically.  To  do  away  with  troublesome  winding  of  the 
wires  as  the  tube  is  turned,  a  hard  rubber  plate  containing 
two  rings  of  mercury  was  arranged,  immediately  beneath 
the  brass  pipe  bearing.  The  rings  are  connected  to  the 
terminals  of  a  battery  by  binding-posts  lending-  up  under 
the  rings  through  the  rubber.  From  the  rings,  wires  lead 
up  the  inside  of  the  brass  pipe  but  outside  the  exhaust  stem, 
through  the  brass  pipe  above  the  wooden  frame,  and  thence 
to  sealed-in  platinum  terminals  set  in  tubes  perpendicular 
to  the  plane  of  the  drawing  and  indicated  by  the  dotted 
circle  at  D.  "Wires  on  the  inside  of:  the  cathode-mounting 
lead  to  the  cathode  itself.  One  terminal  of  the  heating 
circuit  leads  to  the  negative  end  of  a  high  potential  battery, 
while  the  positive  end  of  the  high  potential  battery  is  con- 
nected to  the  sealed-in  platinum  wire  below  J1?  as  has 
already  been  stated. 

The  coil  of  six  turns,  wound  so  close  that  the  current  may 
be  considered  a  circular  one,  is  wound  on  a  built-up  ami 
accurately  turned  wooden  core.  It  is  pivoted  on  the  hori- 
zontal support,  shown  above  the  discharge-tube,  so  that  it 
hangs  vertically,  but  is  prevented  from  turning  about  a 
vertical  axis  by  an  adjustable  clamp  (not  shown)  on  the 
support.  A  pointer  on  the  coil  which  moves  over  a  gradu- 
ated circle  on  the  support  gives  the  orientation.  A  pointer 
on  the  brass  supporting-pipe  and  a  graduated  circle  on  the 
wooden  frame  gives,  it  might  be  added,  the  orientation  of 
the  tube  itself.  When  it  is  desired  to  remove  the  cover  from 
the  discharge-tube,  the  coil  is  lifted  off  and  the  support 
swung  back  about  the  pivot  P. 

When  making  a  determination,  the  pump  is  generally  run 
for  over  an  hour,  the  charcoal  bulb  being  gently  heated  during 
the  while  to  drive  off  gas  absorbed  at  ordinary  temperatures. 
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When  the  bulb  has  cooled  it  is  immersed  in  liquid  air.  The 
heating  circuit  may  soon  be  closed,  the  resistance  adjusted 
until  the  platinum  glows  with  a  red  heat,  and  10UO  volts  now 
applied  between  the  cathode  and  anode.  It  is  well  to  leave 
the  glowing  cathode  thus  for,  say,  five  minutes.  I£  the 
heating  current  is  then  slowly  increased  a  diffused  spot  will 
show  on  the  platcholder-lid  which  is  covered  with  willemite. 
On  farther  heating,  the  diffused  spot  becomes  either  a  well- 
defined  spot  or  a  sharp  line  in  a  plane  containing  the 
platinum  strip.  After  the  cathode  has  been  adjusted  so 
that  the  spot  is  east  of  the  centre  of  the  plateholder  by  an 
amount  equal  to  the  estimated  deflexion  (and  in  the  place  of 
the  coil),  and  the  orientation  of  the  tube  noted,  the  plateholder 
is  opened  and  an  exposure  made  for  5  to  15  seconds,  de- 
pending on  the  intensity  of  the  beam.  The  switch  of  the 
coil  circuit  is  then  closed  so  that  the  beam  is  deflected  still 
more,  and  the  exposure  at  the  new  spot  made.  Then  the 
plateholder  is  closed,  the  tube  turned  to  180°,  the  plate- 
holder  again  opened  and  the  process  repeated.  We  thus 
get  four  spots  or  lines  on  the  plate,  which  should  be  arranged 
along  a  straight  line.  Half  of  the  distance  between  the  two 
inner  spots  is  the  deflexion  due  to  the  earth's  field  alone, 
while  half  the  distance  between  the  outer  two  is  the  deflexion 
with  the  earth's  field  increased  by  the  standard  one. 

II I.    The  Declination. 

It  is  unnecessary  to  determine  the  declination  by  another 
instrument  in  order  to  set  the  coil  in  a  plane  perpendicular 
to  the  meridian.  The  instrument  itself  is  indeed  a  suffi- 
ciently accurate  declinometer  for  the  purpose  of  setting 
the  coil. 

Fig-.  2. 


A  test  photographic  plate  is  first  taken  with  the  coil  in 
any  position,  which  is  noted  on  the  graduated  circle,  and 
four  spots  obtained.  Fig.  2  represents  the  general  case. 
OA  is  the  deflexion  due  to  the  earth's  field  alone,  and 
OC  that  due  to  both  fields.  But  0(  -  is  the  resultant  of  OA 
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and  the  component  AC  of  the  coil-field  making  an  angle  ^> 
with  BA  produced.  On  this  test-plate,  then,  the  line  BA  is 
drawn  and  produced;  draw  the  line  AC  and  measure  the 
angle  $.  The  coil  must  be  turned  through  the  angle  <£  in 
order  that  it  be  perpendicular  to  the  magnetic  meridian. 

IY.   The  Formula. 

Fig.  3  shows  the  relative  positions  of  the  cathode  C  which 
is  taken  as  the  origin,  the  photographic  plate  P  at  a  dist- 
ance #!,  the  centre  of  the  coil  0  at  a  distance  ?•,  the  undeflected 


path  of  the  beam  along  the  diameter  taken  as  the  x  axis  and 
the  deflected  paths,  with  and  without  a  current  in  the  coil.  ^ 

Calling  ze  the  deflexion  produced  by  the  earth's  magnetic 
field  alone,  the  equation  * 


(1) 


/  '  d~  \ 
holds  when  the  deflexions  are  so  small  that  (   f^  )    may  be 

•      \dx) 

neglected.     When  a  current  flows  in  the  coil  so  that  the  two 
fields  have  the  same  direction  the  resultant  field  is 

H  +  IHC. 


*  J.  J.  Thomson,  Phil.  Mag.  vol.  xviii,  pp.  844-845  (1909). 
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Letting    zec    be    the    deflexion    then    produced    \ve    have, 
similarly, 

~ec=—  fXl(H  +  IHc)(^l-.u)^r.     .  (2) 

y«Vo 

H  is  constant  so  that,  integrating  (1)  and  the  first  term  of 
the  right-hand  member  of  (2),  wo  have 


and 


Because  of  the  low  velocity  of  the  electrons  and  the  high 

p 

vacuum  used,  the  factor  —  is  constant  and  is  eliminated  by 

mv 

dividing  (4)  by  (3).     Solving  for  H  the  formula  appears 


In  the  circular  coil,  used  because  of  ease  of  construction 
and  to  secure  compactness,  the  field  H6.  is  not  constant  along 
the  path  of  the  beam,  but  must  be  expressed  as  a  function  of 
the  distance  from  the  cathode. 

Calling  x'  the  distance  from  the  centre  of  the  coil  to  the 
point  in  question,  we  have,  per  unit  current  *, 


Hc—  -=•          , 

a"  —  x  2 
where 

E 

but  a'  =  x  —  ?',  so  that  we  have  for  the  field,  in  terms  of  the 
distance  from  the  cathode,  the  centre  of  coordinates, 


^tl      /'V*'2      /1-3\'1*U  1 

= 2  L "  U; «« ~  lo)  5  ?  ~  •  •  •  -J  • 


1.  3 
a^i^-  a*     " 

Let 


fll 
=  \     R^-  x)dx 


M 

o 

and  substitute  the  value  of  Hc  from  (5),  we  have,  using  four 
*  A.  Russell,  Phil.  Mag.  vol.  xiii.  pp.  420-416  (1907). 
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terms  of  the  series, 

C*r         dx  /1\2  1     (.v  —  r^tLv 

M  =  ZiranxA       -,—  -f  -------  ^  -  I     )  -  -y—  7-^    ^s 

Jo    Lcr  —  (a?  —  ?•)"      \2/  a*a»—  (*—r)8 

_/l_.3\2ii    (,i—  Lr)4rf.K        /1.3.5\M  1    (.r-r)<W.r-1 
V>  .  4/  3  a4  a2  -  ~(,c  -  r/2      \2  .  4  .  (5  /  5  a6  a2  -  (i  -  r)2J 
l\sl  ,r-rVa 


_  /1  .  3\2  1  _!  x(x  —  1^dtc(\.  .  3  .  5V  1  L  x(x-  r)6^.?-'"] 
V2  .  4/  3  a1  a2  -  (a?  -  r)'2     \2  .  4  .  6/  5  a«  a8  -  "(.i  -  r)2J  • 

Introducinor   a  new   variable  y  =  a?-r,  \ve   have,  after   col- 
lecting terms  wherever  possible, 


r/         ^v      v  ^/    n\2  1  <      x  v2  < 

(a?!—  ?•)    „       »—  '.,—  -;       tC'i-**)    s 

L  'a2  —  //2      ti2—y2      \2/  a*v  ^—>J 


1\21 


\2.4. 

Integrating,  collecting  terms,  restoring  the  variable  x  and 
putting  in  the  limits,  we  have,  finally,  from  the  four  terms  of 
the  series  with  which  we  started, 


'i-'Ti      /!\2      /i-SV1       /1-3-5\21 
-  ^    [I-  y  -  (—  J  ,  -  ()  5 


1.3\21  .   /1.3.5VT, 

"i 


.r,  -r  r/i  .  3V  1       ^1.3.  5V  1  ]  (^  -  r)3  + 
~urL2.±)  ^  +  U.4.G>/  5j  3 


.^-r  r/  1^5  \2  1  1  (.>-,-  7-y-hrr> 
au     LV^.4.6/  5j  5 

_im.  s.oyi-i^-r)--^  j 

tt«LU.4.G/  5J  G          J 
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THE  REFLECTING  POWER   OF  THE   ALKALI   METALS 
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I.   INTRODUCTION 

The  alkali  metals,  by  virtue  of  their  great  chemical  activity 
and  their  interesting  electrical  and  optical  properties,  afford  inter- 
esting fields  for  research.  The  great  difficulty  in  handling  the 
metals  has,  however,  limited  their  investigation.  Further  interest 
in  these  metals  has  been  added  by  the  comparatively  recent  study 
of  the  selective  photo-electric  effect  which,  it  has  been  suggested, 
might  be  due  to  the  peculiar  optical  properties  of  the  alkali  metals 
in  the  region  of  the  selective  effect.  If  such  be  the  case,  there  ought 
to  be  a  marked  change  in  the  reflecting  powers  of  the  alkali  metals 
in  this  region.  Consequently  any  knowledge  of  the  reflecting 
powers  of  the  alkali  metals  as  a  function  of  the  wave-length  and 
plane  of  polarization  is  highly  desirable,  and  it  is  to  this  end  that 
the  present  investigation  has  been  carried  out. 

Up  to  the  present  no  direct  method  has  been  employed  in  the 
study  of  the  reflecting  powers  of  the  alkali  metals.  All  our  knowl- 
edge rests  upon  the  comparatively  few  katopric  measurements. 
The  first  investigation  was  made  by  Paul  Drude1  upon  the  single 
metal  sodium.  The  reflecting  surface  was  formed  by  melting  the 

1  Annalen  der  Physik,  64,  159,  1898. 
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sodium  in  a  vacuum,  and  the  reflecting  power  obtained  from  a 
study  of  the  nature  of  the  reflected  elliptically  polarized  light. 

In  1913,  R.  W.  and  R.  C.  Duncan1  made  a  more  extended 
investigation  of  the  optical  properties  of  sodium  and  potassium  as 
a  function  of  the  wave-length.  Drude's  method  was  employed. 
The  metals  were  used  in  the  form  of  mirrors,  i.e.,  glass  backed  by 
metal.  These  authors  found  very  high  values  for  the  reflecting 
powers  of  sodium  and  potassium^  the  former  being  the  better  of 
the  two. 

In  the  present  investigation  the  reflecting  powers  have  been 
obtained  by  a  direct  measurement  of  the  incident  and  reflected 
light-intensities.  A  photo-electric  cell  was  used  as  a  photometer, 
the  cell  being  previously  calibrated  in  terms  of  known  light- 
intensities.  This  use  of  the  photo-electric  cell  has  been  anticipated 
by  E.  V.  Hulburt,2  whose  work  appeared  during  the  progress  of 
this  investigation.  Hulburt  determined  the  reflecting  powers  of 
a  large  number  of  metals  for  ultra-violet  light,  the  angle  of  inci- 
dence being  kept  constant.  It  appears  that  Hulburt  assumed 
a  linear  relation  between  the  photo-electric  current  and  the  light- 
intensity,  an  assumption  which  does  not  seem  to  be  justified  in 
view  of  this  and  other  investigations. 

II.      WHITE,  UNPOLARIZED   LIGHT:    RELATION   BETWEEN  THE  PHOTO- 
ELECTRIC  CURRENT  AND   THE   LIGHT-INTENSITY 

The  apparatus. — In  the  present  investigation  of  the  reflecting 
power  of  the  alkali  metals,  a  photo-electric  cell  was  employed  as 
a  photometer.  The  cell  chosen  was  one  of  the  most  sensitive  ones 
made  by  Dr.  Jakob  Kunz  of  this  Laboratory.  The  cathode  con- 
sisted of  rubidium  deposited  by  distillation  upon  a  film  of  silver. 
The  anode  consisted  of  a  loop  of  platinum  wire.  Between  the 
anode  and  cathode  is  located  a  platinum  guard  ring  which  is  usually 
earthed  to  avoid  leakage  across  the  glass  between  the  electrodes. 

Investigations  on  the  relation  between  the  photo-electric  cur- 
rent and  the  light-intensity  are  not  in  good  agreement  with  each 
other.  While  Elster  and  Geitel3  and  Richtmeyer4  have  shown 

1  Physical  Review,  36,  294,  1913.  3  Annalen  der  Physik,  48,  625,  1893. 

a  AstrophysicalJournal,  42,  205,  1915.         4  Physical  Review,  29,  71  and  404,  1909. 
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that  the  photo-electric  current  is  strictly  proportional  to  the  light- 
intensity,  on  the  other  hand  Lenard1  and  quite  recently  Ives2  have 
shown  that  the  linear  relationship  does  not  strictly  hold.  Ives, 
in  an  extended  investigation  of  the  subject,  wherein  he  subjected 
a  great  variety  of  cells  to  different  conditions,  showed  that  the 
relation  is  not  a  linear  one,  but  that  the  photo-electric  current  is 
a  complicated  function  of  the  voltage,  electrode  distance,  and  gas 
pressure  in  a  cell. 

Consequently,  owing  to  the  conflicting  literature  on  this  sub- 
ject, it  was  decided,  before  using  the  cell  above  as  a  photometer, 
first  to  calibrate  it  in  terms  of  known  light-intensities  by  the  aid  of 
crossed  nicol  prisms.  To  this  end,  the  arrangement  of  apparatus 
shown  in  Fig.  i  was  employed. 


EARTH 


FIG.  i 


A  Nernst  glower  G  was  used  as  a  source  of  light,  both  on  account 
of  its  intensity  and  because  of  its  reputation  for  constancy.  The 
light  after  passing  through  several  condensing  lenses  L  is  focused 
upon  the  circular  aperture  of  the  collimator  lens.  The  light  then 
passes  through  the  nicols  N*  and  N2,  the  former  having  rectangular 
ends  to  eliminate  rotation  of  the  beam  when  Ni  is  rotated. 

The  circular  beam  of  parallel  rays  of  light  is  then  incident  upon 
the  photo-electric  cell,  which  is  inclosed  in  the  earthed  metallic 
box  E.  This  box  was  air-  and  light-tight,  and  blackened  on  the 
inside.  It  served  to  eliminate  any  possible  extraneous  light.  In 
this  box  was  placed  some  phosphorous  pentoxide  to  render  the  air 
dry  and  so  to  diminish  leakage  across  the  glass  or  across  the  hard 
rubber  disks  through  which  were  conducted  the  wires  leading  to 
the  electrodes  of  the  cell.  The  beam  was  admitted  through  a  glass 

1  Annalen  der  Physik,  8,  149,  1902. 

2  Astrophysical  Journal,  39,  428,  1914;  43,  9,  1916. 
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window,  before  which  was  placed  a  shutter  sliding  on  a  groove, 
so  that  by  means  of  a  cord  and  pulleys  the  shutter  could  be  easily 
raised  or  lowered  by  the  observer  at  his  observing  station. 

The  voltage  used  across  the  photo-electric  cell  varied  from  in 
to  134  volts,  this  being  furnished  by  a  set  of  constant  potential 
cells.  As  a  detector  of  the  photo-electric  current,  a  sensitive  gal- 
vanometer was  employed,  being  loaned  to  the  writer  by  the  Depart- 
ment of  Astronomy  through  the  kindness  of  Professor  Joel  Stebbins. 
This  galvanometer  had  a  figure  of  merit  of  5  X  io~10.  The  terminal 
of  the  galvanometer  next  to  the  negative  pole  of  the  battery  was 
earthed.  This  was  found  to  be  highly  essential,  serving  to  elimi- 
nate completely  troublesome  leakage  currents  in  the  circuit,  and 
enabling  one  to  take  observations  with  the  greatest  accuracy  in 
the  most  humid  days  of  the  summer. 

Method  of  observation. — With  the  axes  of  the  nicols  parallel  to 
each  other,  the  cell  was  exposed  to  the  light  and  the  galvanometer 
deflection  observed.  Then  the  deflection  was  observed  for  some 
angle  between  the  nicols.  Finally,  the  nicols  were  made  parallel 
again,  and  the  deflection  again  observed.  This  last  observation 
served  as  a  check  on  any  fluctuations  of  the  light-intensity  that 
might  have  occurred  during  the  observations.  As  a  matter  of  fact, 
the  light-intensity  was  absolutely  constant  only  on  rare  occasions, 
there  being  usually  a  small  and  slow  variation.  However,  by 
continual  checking  of  the  deflection  for  zero  angle  between  the 
nicols,  proper  corrections  could  be  applied  to  the  deflection  for  any 
angle  between  the  nicols. 

Several  readings  were  always  taken  for  each  position  of  the 
nicols.  The  individual  readings  usually  agreed  to  within  two-  or 
three-tenths  of  a  millimeter  for  the  larger  deflections,  and  to  a  cor- 
respondingly smaller  extent  for  the  smaller  deflections. 

The  results. — In  Fig.  2  are  given  the  deflections  corresponding 
to  various  light-intensities,  the  latter  being  proportional  to  the 
squares  of  the  cosines  of  the  angles  between  the  two  nicols.  Each 
deflection  is  the  average  of  two  to  four  observations. 

Upon  examination  of  the  plotted  results,  it  is  evident  that  the 
current  light-intensity  relation  is  not  a  strictly  linear  one,  but  is 
in  the  form  of  a  curve  slightly  concave  toward  the  illumination- 
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axis.     The  results  for  the  curve  labeled  130  volts  were  obtained 
by  using  a  different  quadrant  of  the  nicol  prism,  A^;   the  light 
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also  was  somewhat  weaker  than  in  the  other  three  cases,  whence  the 
smaller  deflections.  This  serves  to  show  that  the  concavity  of  the 
curves  cannot  be  due  to  lack  of  symmetry  of  the  nicol  prism.  This 
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concavity  increases,  the  larger  the  range  of  the  deflections.  In  the 
succeeding  determinations  of  reflecting  powers,  proper  corrections 
were  always  made  in  accordance  with  these  curves. 

III.   PREPARATION  OF  THE  ALKALI  MIRRORS 

The  alkali  mirrors  were  made  either  by  distillation  or  by  pour- 
ing the  metal  upon  a  square  piece  of  plane  glass  about  2 . 5  cm 
on  edge  and  i .  74  mm  thick.  The  cell  C  was  made  by  joining 
a  small  piece  of  glass  tubing  to  a*  much  wider  piece.  The  latter 
was  then  cut  off,  leaving  a  bell-shaped  opening.  The  edge  of  this 
bell  was  ground  plane  with  emery  and  finally  with  rouge,  the  edge 
becoming  highly  polished.  The  glass  plate,  after 
being  thoroughly  cleaned  with  alcohol,  potash,  and 
nitric  acid,  was  then  clamped  tightly  against  the 
polished  edge  of  the  bell,  and  "Rock  Cement"  applied 
thickly  around  the  edge  P.  The  bell  was  then  placed 
in  an  electric  oven,  and  baked  at  about  i4o°C. 
Usually  three  applications  of  cement  were  applied  to 
the  cell.  The  baking  was  continued  until  the  cement 
turned  to  a  brownish  color.  This  cement  served  ex- 
cellently in  making  the  cell  air-tight,  and  in  enabling 
one  to  subject  the  cell  to  much  heat  during  the  distilla- 
tion of  the  metal,  without  endangering  the  vacuum. 

The  cell  was  then  attached  to  the  glass  apparatus 
shown  in  Fig.  3.     In  the  case  of  Na  and  K,  the  metal 
was  introduced  into  A  through  D,  which  was  then 
sealed  off,  and  the  tube  evacuated.     The  metal  was 
then  melted  down  with  an  electric  coil.     Great  care 
is  necessary  in  this  process,  as  the  glass  is  likely  to  crack  very  easily 
when  the  molten  metal  bursts  out  of  its  oxide  skin. 

A  portion  of  the  metal  was  poured  into  B,  and  from  there 
distilled  to  H.  A  small  molten  globule  was  then  guided  to  the 
concavity  F.  In  this  process  the  tube  was  removed  from  the 
pump,  and  the  globule  guided  to  F  by  means  of  successive  jars  by 
the  hand.  The  metal  was  then  distilled  against  the  glass  plate 
which  was  placed  in  contact  with  a  flat  piece  of  ice.  The  metallic 
vapor  thus  deposited  itself  upon  the  plate  in  the  form  of  a  mirror, 
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the  layer  of  metal  being  made  thick  enough  to  be  entirely  opaque 
to  light.  The  mirror  was  then  sealed  off  and  removed  at  E. 

In  the  case  of  one  of  the  K  mirrors  (mirror  No.  2),  a  large 
amount  of  the  metal  was  collected  in  H  by  distillation,  and  the 
whole  molten  mass  forced  into  the  cell  against  the  glass  plate, 
making  a  mirror  out  of  a  solid  cake  of  the  metal. 

'Rubidium  cannot  be  obtained  on  the  market  in  metallic  form, 
and  so  had  to  be  obtained  by  reducing  RbCl  with  Ca,  the  materials 
being  placed  in  an  iron  boat  inclosed  in  a  hard  glass  tube  attached 
to  D  of  Fig.  3.  The  metallic  vapor  was  condensed  in  A  before 
it  was  redistilled  and  deposited  upon  the  glass  plate. 

Success  in  making  the  mirrors  was  not  always  attainable,  there 
being  many  opportunities  for  failure  in  the  long  process.  Many 
of  the  mirrors  after  being  formed  were  found  to  have  thin  oxide 
films  on  their  surfaces,  and  so  were  discarded.  Only  those  mirrors 
were  picked  for  investigation  which  appeared  perfect  as  viewed  by 
the  eye. 

IV.      ARRANGEMENT    OF    APPARATUS    FOR    THE    DETERMINATION    OF 
THE   REFLECTING  POWER 

In  the  determination  of  reflecting  powers  the  arrangement  of 
apparatus  shown  in  Fig.  i  was  employed,  the  nicol  prisms  being, 
however,  removed  so  that  the  light  in- 
cident on  the  mirrors  was  unpolarized. 
The  metallic  box  containing  the  photo- 
electric   cell    was    mounted    upon    the 
telescope   arm   of  the  spectrometer  to 
facilitate  the  movement  of  the  cell  for 
any  angle  of  incidence  desired. 

The  mirror  M,  Fig.  4,  was  mounted 
on  a  small  tripod,  whose  legs  fitted  into 
cups  C  on  a  brass  plate  P  which  could  be  FlG 

permanently  clamped  to  the  top  of  the 

spectrometer  table  T.  The  center  of  the  reflecting  face  of  the 
mirror  was  adjusted  to  lie  along  the  axis  of  the  spectrometer. 
After  proper  adjustment  the  plate  P  was  clamped  to  the  table  T. 
By  this  means  the  mirror  could  be  removed  from  the  spectrometer 
table  and  quickly  replaced  in  its  original  position. 
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This  was  found  desirable,  since,  in  the  determination  of  reflec- 
ting powers,  observations  on  the  unreflected  beam  were  alternated 
with  observations  on  the  reflected  beam.  Using  this  method  of 
observation  proper  corrections  could  be  made  in  case  the  light- 
intensity,  or  voltage  across  the  photo-electric  cell  did  not  remain 
absolutely  constant. 

V.      THE  FORMULA 

The  ratio  of  the  reflected  light-rhtensity  to  the  incident  light- 
intensity  gives  the  reflecting  power  of  the  whole  mirror,  i.e.,  metal 
plus  glass.  The  greater  interest  lies  in  the  reflecting  power  of  the 
metal  itself  when  in  contact  with  the  glass.  Knowing  this,  it  is 
possible  to  form  a  very  close  approximation  as  to  what  the  reflect- 
ing powers  of  the  metals  would  be  in  a  vacuum. 

Owing  to  the  large  number  of  internal  reflections,  the  following 
mode  of  reasoning  will  be  used  to  determine  the  reflecting  power 
of  the  metal.  Let 

7  =  the  light-intensity  of  the  incident  light 

i= angle  of  incidence 

r= reflecting  power  of  the  front  face  of  the  glass,  i.e.,  the  fraction 

of  the  incident  light,  incident  on  the  glass,  which  is  reflected 

back  into  the  air 

r'  =  reflecting  power  of  the  interior  glass  surface,  i.e.,  for  light  inter- 
nally reflected,  e.g.,  as  at  C,  E,  and  G 
J= transmission  power  of  the  glass  plate  for  a  given  thickness, 

i.e.,  the  fraction  of  the  light  which,  e.g.,  after  penetrating  the 

surface  at  A,  reached  the  point  B 
R  =  reflecting  power  of  the  alkali  metal,  i.e.,  the  fraction  of  the  light 

incident  on  the  metal  glass  boundary  at  B,  for  example,  which 

is  reflected  by  the  metal. 

The  quantities  r,  r',  t,  and  R  are  functions  of  the  angle  of  inci- 
dence. 

The  sum  of  the  components  of  reflected  light-intensities,  a,  b, 
c,  d,  etc,,  are  given  by  the  series 
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The  photo-electric  cell  registers  the  sum  of  all  these  components 

of  the  reflected  light-intensity.     If  0  —  -j  is  the  reflecting  power 
of  the  whole  mirror  (metal  plus  glass) ,  then 


Hence 


R  = 


i-r'Rt2 
0-r 


t2(i+Or'-r-r') 


(i) 


This  is  the  formula  that  was  employed  in  the  determination 
of  the  reflecting  power  of  the  alkali  metals.     It  will  be  noted  that 
in  order  to  know  R  the  optical  properties 
of  the  glass  plates  used  in  these  mirrors 
must  be  determined. 

Inspection  of  Fig.  5  shows  that  the 
beam  after  reflection  is  spread  out.  If  5 
is  the  lateral  displacement  between  two 
successive  components,  then  applying 
Snell's  law  it  follows  that 

/  sin  21 


where  /  =  thickness  of  the  glass  =  1.74  mm 

i= angle  of  incidence 

n=  i .  5155  =  index  of  refraction 

This  was  determined  by  means  of  the  Abbe  refractometer,  using 
the  method  of  grazing  incidence. 

Taking  i  as  60°,  the  value  of  S  is  i .  26  mm.  Theoretically,  an 
infinite  number  of  internal  reflections  occur  between  the  metal 
and  the  air-glass  boundary.  Practically,  the  components  of  the 
reflected  beam  after  the  fourth  one  are  negligible.  Hence,  taking 
four  components  as  effective,  the  displacement  would  be  about 
5  mm.  Adding  3  mm  for  the  width  of  the  beam,  the  breadth  of 
the  reflected  beam  does  not  exceed  8  mm.  The  aperture  to  the 
photo-electric  cell  was  almost  2  cm,  hence  all  effective  components 
of  the  reflected  beam  were  certainly  able  to  enter  the  cell. 
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VI.      OPTICAL  PROPERTIES   OF  THE   GLASS   PLATES 

In  order  to  determine  r,  the  reflecting  power  of  the  front  face 
of  the  glass  plate,  the  back  face  was  abraided  with  coarse  emery  and 
then  coated  with  lamp-black.  The  results  are  shown  in  Fig.  7, 
where  the  continuous  line  represents  the  experimental  values,  while 
the  dotted  line  gives  the  theoretical  values  as  given  by  Fresnel's 
reflection  equation  for  natural  white  light. 

The  experimental  values,  which  at  first  are  smaller  than  the 
theoretical  values,  are,  however,  larger  than  the  latter  for  larger 
angles  of  incidence.  This  may  be  due  to  a  possible  slight  specular 
reflection  of  the  abraided  rear  surface  which  becomes  more  effective 
for  the  larger  angles  of  incidence.  In  general,  the  agreement  is 

quite  satisfactory,  and  demonstrates  the 
adaptability  of  the  photo-electric  cell  as 
a  photometer. 

Determination  of  t  and  r'.  —  The  deter- 
mination of  the  transmission  power  and 
the  reflecting  power  of  the  internal  sur- 
face of  the  glass  was  effected  through  a 
FIG  6  study  of  the  light  reflected  and  trans- 

mitted by  the  glass  plate. 

Following  the  method  of  reasoning  employed  previously,  and 
adding  up  the  components  a,  b,  c,  etc.;  of  the  reflected  light,  we 
have  (see  Fig.  6) 


where  R'  is  the  reflecting  power  of  the  glass  plate  (both  surfaces)  . 


Hence 

X-T+tZ^g".  (3) 

Considering  the  light  transmitted  by  the  plate,  and  summing 
up  the  components,  d,  e,  etc.,  we  have  for  the  total  fraction,  J1,  of 
the  light  transmitted, 
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Hence 


Combining  equations  (3)  and  (4) 

^-V-  (5) 

Solving  for  /  and  substituting  in  equation  (4),  and  then  solving 
for  r', 

(R'-r)(i-r) 
~*'' 


and  _T*+(R'-r)(i-R') 

ZXi-r)  (7) 

.  Experimentally,  R'  is  obtained  by  determining  the  intensity 
of  the  reflected  light.  Keeping  conditions  the  same,  T  is  obtained 
by  merely  swinging  the  cell  around  on  the  spectrometer  to  catch 
the  transmitted  light. 

The  results  for  R',  /,  t,  and  r  are  plotted  in  Fig.  7.  The  values 
of  r'  are  somewhat  lower  than  those  for  r,  except  for  values  of  the 
angles  of  incidence  approaching  the  critical  angle  for  the  glass 
plate,  when  r'  crosses  r  and  would  ultimately  reach  100  per  cent  for 
values  of  the  angle  of  incidence  of  41°.  It  must  be  borne  in  mind 
that  the  values  of  the  reflecting  powers  shown  in  Fig.  7,  and  in  suc- 
ceeding tables  and  curves  for  white  light,  have  been  corrected  in 
accordance  with  the  calibration-curves  of  Fig.  2.  By  setting  up 
a  simple  proportion  between  observed  values  of  the  galvanometer- 
deflections  for  the  unreflected  and  reflected  beam,  and  values  of 
galvanometer-deflections  on  the  calibration-curves,  it  has  been 
possible  to  obtain  the  corrected  values  of  the  reflected  light- 
intensity  directly  from  the  calibration-curves.  The  corrections 
are  of  course  rather  small. 

VII.      REFLECTING  POWERS   OF  POTASSIUM,   SODIUM,   AND  RUBIDIUM 

Three  potassium  mirrors  were  investigated.  In  Table  I  is 
given  a  summary  of  the  results.  Mirrors  No.  i  and  3  were  formed 
by  distillation,  while  No.  2  was  formed  by  pouring  the  molten  metal 
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against  the  glass  and  allowing  it  to  solidify.  The  latter  method 
was  rendered  quite  difficult  by  the  tendency  of  the  metal  to  crys- 
tallize upon  solidification. 
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were  made  at  different  times  and  under  different  circumstances. 
Especially  is  the  agreement  between  mirrors  Nos.  i  and  2  to  be 
noted,  the  former  being  a  distilled  mirror,  the  latter  being  the 
"solid"  metal  mirror.  This  excludes  any  doubts  that  the  metallic 
layers  of  the  distilled  mirrors  were  not  thick  enough. 

The  variation  of  the  reflecting  power  with  the  angle  of  incidence 
is  shown  in  Fig.  8.     The  reflecting  powers  increase  very  slowly 


REFLECTING  POWER  OF  THE  ALKALI  METALS 


149 


with  the  angles  of  incidence.  Owing  to  refraction  through  the 
glass  plates,  the  actual  angles  of  incidence  on  the  metal  are  of 
course  less  than  those  on  the  whole  mirror,  so  that  the  curves  for 
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R  are  " shrunk"  to  the  left.     The  critical  angle  for  the  glass  is  the 
maximum  that  could  ever  be  reached  using  glass  plates. 

Much  greater  difficulty  was  experienced  in  obtaining  a  good 
sodium  mirror  than  in  obtaining  a  potassium  mirror,  because  of 
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the  higher  distillation  point  of  sodium.  Most  of  the  attempts 
resulted  in  failures  due  to  the  formation  of  slight  impure  films  on 
the  metal  next  to  the  glass.  These  were  probably  oxide  films, 
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as  great  care  was  always  taken  to  clean  the  glass  thoroughly. 
A  mirror  was,  however,  finally  obtained  which  showed  none  of 
these  films  and  appeared  very  perfect  as  viewed  with  the  eye.  The 
results  are  given  in  Table  II. 
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No  great  difficulty  was  met  with  in  the  formation  of  rubidium 
mirrors,  since  the  metal  distills  quite  easily.  The  chief  difficulty 
lies  in  obtaining  the  pure  metal  from  its  chloride.  However,  Rb 
is  more  easily  oxidized  than  Na  or  K  and  hence  a  better  vacuum 
must  be  insured.  The  values  obtained  with  a  mirror  which  showed 
no  surface  defects  is  given  in  Table  II. 

The  values  for  Na  are  not  plotted  next  to  those  for  K  in  order 
to  avoid  confusion  of  contiguous  points.  In  general,  the  reflecting 
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power  rises  slowly  with  the  angle  of  incidence.  The  reflecting 
power  is  at  first  quite  constant,  then  suffers  a  rather  rapid  rise, 
and  then  is  nearly  constant  again.  The  values  for  the  reflecting 
powers  of  the  metals  themselves  are  about  i  per  cent  higher  than 
those  for  the  whole  mirror. 

Na  has  the  highest  reflecting  power,  K  being  almost  as  good. 
Rb  is  less  than  K,  so  that  the  reflecting  powers  increase  as  the 
atomic  weight  decreases. 


VIII.      MONOCHROMATIC,  POLARIZED  LIGHT:     ARRANGEMENTS 
OF  APPARATUS 

The  source  of  light. — In  this  part  of  the  work,  it  was  proposed 
to  investigate  the  reflecting  powers  of  Na,  K,  and  Rb  for  polarized 


FIG.  9 

monochromatic  light.  The  arrangement  of  apparatus  is  shown 
in  Fig.  9.  In  the  case  of  white  light,  a  Nernst  glower  was  used  as 
a  source  of  light.  Its  use,  however,  was  unsatisfactory,  since  it 
decreased  so  rapidly  in  efficiency  owing  to  the  polarization  of  the 
filament  on  direct  current.  The  alternating  current  could  not  be 
used  because  it  was  too  unsteady.  Consequently  for  this  part  of 
the  investigation,  a  2 50- watt,  nitrogen-filled,  tungsten  projection 
lamp  was  employed. 

The  optical  system. — The  light  from  one  of  the  filaments  S  was 
focused  upon  the  slit  of  the  collimator  C,  after  passing  through  the 
system  of  condensing  lenses.  The  focal  length  of  the  collimator 


152  /.  B.  NATHAN  SON 

was  so  adjusted  that  the  emergent  rays  were  just  slightly  conver- 
gent, the  light  being  focused  about  i .  5  m  away  from  the  photo- 
electric cell.  The  central  portion  of  the  beam  emerging  from  the 
collimating  lens  was  allowed  to  pass  through  a  good  dispersing 
prism  Pj  the  spectrum  being  spread  out  over  E.  The  source  of 
light,  condensing  lenses,  and  prism  were  mounted  on  a  movable 
table  which  could  be  rotated  about  an  axis  A  through  the  center 
of  the  prism.  Hence,  by  rotating  this  table  any  portion  of  the 
spectrum  could  be  thrown  upon  the  aperture  E. 

The  light  after  passing  through  the  rectangular  nicols  N*  and 
N2  and  through  the  narrow  slit  #(7X1  mm),  was  incident  directly 
upon  the  photo-electric  cell,  or  else  after  reflection  at  the  mirror  M . 
The  nicols  served  a  double  purpose,  both  for  plane  polarizing  the 
light,  and  for  calibration  of  the  photo-electric  current  in  terms  of 
known  light-intensities. 

The  photo-electric  cell  was  used  in  connection  with  the  spectrom- 
eter as  in  the  previous  work.  The  tube  inclosing  the  nicols  and 
containing  the  aperture  H  served  to  exclude  extraneous  light  from 
the  source.  This  tube  was  made  purposely  narrow  toward  the 
end  in  order  to  make  the  use  of  small  angles  of  incidence  possible 
when  the  photo-electric  cell  was  swung  around  the  spectrometer. 

All  light  from  extraneous  sources  was  completely  excluded  by 
means  of  a  double  heavy  cloth  hung  all  around  the  apparatus,  the 
room  itself  being  partially  darkened.  That  the  screening  was  per- 
fect was  shown  by  the  zero  photo-electric  current  when  the  shutter 
of  the  cell  was  opened. 

During  observation  upon  the  reflected  light  the  nicols  were 
arranged  with  their  axes  parallel  to  each  other.  The  position  of 
their  planes  of  polarization  was  determined  by  the  aid  of  a  glass 
plate  mounted  so  that  the  light  was  incident  at  the  polarizing  angle. 

Calibration  of  apparatus  in  terms  of  wave-lengths. — The  cali- 
bration of  the  scale  L  in  terms  of  wave-lengths  was  effected  by 
means  of  a  Hilger  wave-length  spectrometer,  the  collimator  of  the 
instrument  being  placed  in  the  position  occupied  by  the  photo- 
electric cell.  It  was  found  that  the  incident  light  was  not  purely 
monochromatic.  A  rapid  test  of  the  reflecting  power  of  an  alkali 
metal  as  a  function  of  the  wave-length  showed  this  variation  to 
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be  very  small.  Hence  it  was  unnecessary  to  procure  purer 
monochromatic  light. 

The  electrometer. — Since  the  light-intensities  incident  on  the 
photo-electric  cell  are  much  smaller  than  in  the  case  of  white  light, 
it  was  decided  to  use  an  electrometer  to  measure  the  photo-electric 
currents.  The  electrometer  was  of  the  Cambridge  Scientific  Co.'s 
type,  giving  a  deflection  of  about  200  mm  at  a  distance  of  2 . 3  m 
for  a  difference  of  i .  5  volts  between  the  two  pairs  of  quadrants, 
there  being  96  volts  on  the  needle.  The  electrometer  was  placed 
in  a  fairly  air-tight  tin  box  which  was  well  earthed  to  a  water-pipe. 

One  pair  of  quadrants  was  always  left  earthed;  the  other  pair 
(which  could  also  be  earthed)  was  connected  to  the  cathode  of  the 
photo-electric  cell.  The  latter  connection  was  effected  through 
a  wire  which  was  completely  protected  from  outside  disturbing 
influences  by  being  run  through  a  glass  tube,  the  outside  of  which 
was  wrapped  in  tin-foil  and  well  earthed.  This  protection  for  the 
wire  was  found  to  be  absolutely  necessary.  A  loose  joint  J  per- 
mitted the  motion  of  the  photo-electric  cell  about  the  spectrometer. 

The  needle  of  the  electrometer  was  carefully  insulated  by  means 
of  amber,  so  that  under  ordinary  working  conditions  no  leakage 
could  be  observed  when  the  quadrants  were  charged  to  a  difference 
of  potential.  There  was,  however,  a  slow  drift  in  the  direction  of 
an  increasing  deflection,  which  proved  quite  troublesome.  This 
seemed  to  be  clearly  due  to  a  "dark  current"  or  a  leakage  current 
across  the  glass  of  the  photo-electric  cell,  notwithstanding  the 
presence  of  the  earthed  ring  between  anode  and  cathode.  How- 
ever, by  putting  this  ring  at  a  potential  of  about  200  volts  below 
that  of  the  anode,  the  drift  was  completely  eliminated. 

The  voltage  employed  across  the  cell  varied  from  80  to  120 
volts,  the  negative  pole  of  the  battery  being  earthed  as  shown  in 
Fig.  9. 

IX.      METHOD   OF   OBSERVATION 

The  electrometer  was  used  "ballistically,"  i.e.,  the  photo- 
electric cell  was  exposed  to  the  light  for  a  definite  short  interval, 
and  either  the  resulting  steady  deflection  or  the  " first  throw"  of 
the  needle  noted.  The  time  interval  was  given  by  a  metronome 
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adjusted  to  beat  (approximately)  seconds.  The  shutter  in  front 
of  the  photo-electric  cell  could  be  operated  by  the  observer  at  his 
observing-post  at  the  telescope.  At  the  beat  of  the  ticker,  the 
shutter  could  be  ''snapped  up"  and  then  smartly  closed  at  the  end 
of  the  chosen  time-interval.  Proper  weighting  of  the  cord  insured 
the  smooth  working  of  the  shutter,  and,  after  some  practice,  the 
time-length  of  exposure  could  be  made  to  a  tenth  of  a  second. 

Toward  the  latter  part  of  this. investigation,  the  humidity  of 
the  spring  air  made  it  difficult  for  the  electrometer  to  hold  its 
charge,  so  that  instead  of  waiting  for  the  needle  to  come  to  rest 
and  noting  the  steady  deflection  the  observer  noted  the  first 
throw  of  the  needle.  It  was  found  that  not  only  was  the  accuracy 
of  observation  not  marred  by  this  procedure,  but  that,  further- 
more, double  the  number  of  observations  could  be  taken  in  a  given 
time-interval. 

Light  of  a  known  mean  wave-length  polarized  either  parallel 
or  perpendicular  to  the  plane  of  incidence  was  allowed  to  fall  on  the 
shutter  of  the  photo-electric  cell.  The  electrometer  key  was 
opened,  and,  when  the  needle  had  come  to  rest,  the  cell  was  exposed 
to  the  light  for  10  or  15  seconds,  and  the  steady  deflection  or  else 
the  first  throw  noted.  The  deflections  for  the  reflected  light  were 
alternated  with  those  for  the  unreflected  beam  as  previously. 
Deflections  varying  from  50  to  200  mm  were  employed. 

In  order  to  calibrate  the  observed  deflections  in  terms  of  known 
light-intensities,  keeping  conditions  the  same  as  before  the  nicol 
Nt  was  rotated  through  various  angles,  observations  were  taken 
in  adjacent  quadrants  and  the  mean  taken  to  correct  for  any  asym- 
metry of  the  nicols  with  respect  to  the  axis  of  rotation.  These 
mean  deflections  were  then  plotted  against  the  squares  of  the 
cosines  of  the  angles.  The  light-intensities  corresponding  to  the 
observed  deflections  for  the  reflected  light  could  then  be  read  on 
the  curve,  giving  the  reflecting  powers  directly.  A  calibration- 
curve  was  thus  obtained  for  every  series  of  observations. 

The  true  relation  between  the  light-intensity  and  photo-electric 
current  can  be  determined  only  under  the  imposition  of  proper 
experimental  conditions.  In  the  present  investigation,  the  interest 
lay  not  so  much  in  the  relation  between  the  current  and  the  light- 
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intensity,  as  in  the  relation  between  the  light-intensity  and  resulting 
electrometer  deflections.  Experimental  conditions  were  always 
employed  such  as  to  give  greater  stability  and  accuracy  to  the 
observations.  Consequently  as  low  a  voltage  as  possible  was 
used  on  the  needle.  Also,  in  part  of  the  work,  as  previously  men- 
tioned, the  first  throw  of  the  needle  was  employed.  For  these 
reasons,  it  is  not  safe  to  assume  that  the  photo-electric  current  is 
proportional  to  the  electrometer  deflections.  Hence  the  curves 
between  electrometer  deflections  and  light-intensity  are  not  to  be 
assumed  as  being  relations  between  photo-electric  current  and 
light-intensity.  They  are  merely  to  be  regarded  as  calibration- 
curves.  In  general  the  curves  approximated  to  straight  lines,  being 
either  slightly  convex  or  concave  to  the  illumination-axis,  depend- 
ing upon  the  experimental  conditions  imposed.  No  theoretical 
value  is  assigned  to  these  curves,  consequently  they  are  omitted. 
It  must  be  remembered,  however,  that  the  curves  given  under 
white  light  are  true  current-light-intensity  curves. 

X.      OPTICAL  PROPERTIES   OF   THE   GLASS  PLATES 

In  the  case  of  white  light  it  was  shown  that  the  reflecting  power 
of  the  metal  itself  is  only  slightly  different  from  that  of  the  mirror 
as  a  whole,  the  former  being  only  from  a  fraction  to  a  little  over 
i  per  cent  greater  than  the  latter. 

It  has  been  shown  that  within  experimental  errors,  Fresnel's 
reflection  equations  hold  for  the  front  face  of  the  glass.  Hence 
the  values  for  r  were  calculated  from  the  equations 

_sinaQ'-0)  _tan2Q'-0) 

~sin2(*+ 6)  a        ~tan*(*+0) 

for  light  polarized  parallel  and  perpendicular  to  the  plane  of 
incidence,  respectively. 

The  variation  of  r  with  the  wave-length  is  rather  small  (0.2 
per  cent  over  the  range  employed),  since  the  variation  in  index  of 
refraction  is  small,  the  range  of  wave-lengths  extending  from  about 
450  to  650  juju.  The  values  of  r  for  yellow  light  are  plotted  in  Fig.  10. 

The  range  of  wave-lengths  used  being  in  the  visible  portion  of 
the  spectrum,  it  could  be  assumed  a  priori  that  the  transmission 
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power  of  the  glass  for  the  different  colors  would  be  the  same  as  for 
white  light,  since  no  dispersion  or  color-effects  are  ever  visible  to 
the  eye  upon  looking  through  the  glass.  Nevertheless  it  was 
decided  to  test  out  this  point  by  a  short  method. 

Light  polarized  perpendicular  to  the  plane  of  incidence  was 
incident  on  the  glass  plate  at  the  polarizing  angle.     Very  little 
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light  was  thus  reflected,  practically  all  being  transmitted.  Hence 
the  transmission  power  of  the  glass  for  that  angle  could  be  obtained 
by  subtracting  the  transmitted  from  the  incident  light,  allowing 
a  small  correction  for  the  slight  amount  of  reflected  light. 

Tests  with  various  colors  showed  absence  of  any  variation 
in  the  transmission  power,  the  values  for  t  being  of  the  order  given 
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in  case  of  white  light.     As  a  result  the  values  for  /  given  in  Fig.  7 
were  taken  for  this  part  of  the  work. 

The  values  for  r'  (reflecting  power  of  internal  face  of  glass)  for 
green  light,  taken  for  several  angles  of  incidence,  are  shown 
in  Fig.  10.  These  values  for  r'  were  used  for  all  the  colors.  This 
use  of  r'  is,  however,  not  as  radical  as  it  might  appear.  In  the  first 
place,  r  varies  very  slowly  with  wave-length,  hence  the  variation 
in  rf  must  be  likewise  very  small.  Secondly,  let  us  consider  the 

equation  for  R  in  the  form, 

0 


The  values  of  j  vary  from  0.8  to  0.95.     i—j  is  therefore  a 

very  small  fraction,  as  well  as  r1 '.    Consequently  r'l  i — j\  is  very 

small  compared  to  i—r,  so  that  an  error  in  r' ',  even  to  the  extreme 
extent  of  5  per  cent,  could  only  result  in  an  error  of  o .  i  or  o .  2  per 
cent  in  the  final  value  of  R. 

Inspection  of  the  curves  for  r'  shows  that  for  small  angles  of 
incidence  r'  is  less  than  r,  but  rises  above  r  for  angles  of  incidence 
approaching  the  critical  angle  at  41°.  This  rise  is  especially  rapid 
in  the  case  of  light  polarized  parallel  to  the  plane  of  incidence. 

XI.      RESULTS 

The  reflecting  powers  of  potassium,  sodium,  and  rubidium  are 
given  in  the  following  tables  and  curves.  The  symbols  ||  and  JL 
on  the  curves  indicate  that  the  plane  of  polarization  is  parallel  or 
perpendicular  to  the  plane  of  incidence,  respectively.  In  general, 
the  reflecting  powers  are  somewhat  higher  than  those  obtained  for 
white,  unpolarized  light.  The  curves  are  similar  to  those  obtained 
for  a  transparent  medium,  i.e.,  the  reflecting  power  for  light  polar- 
ized parallel  to  the  plane  of  incidence  increases  steadily  with 
increased  angle  of  incidence,  while  for  light  polarized  perpendicular 
to  the  plane  of  incidence,  the  reflecting  power  decreases  with 
increased  angle  of  incidence.  In  the  latter  case  the  minimum  value 
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reached  would  of  course  not  be  equal  to  zero  as  in  the  case,  e.g.,  of 
glass. 

The  curves  for  K  are  not  as  smooth  as  those  for  Na  and  Rb 
owing  to  the  fact  that  the  steady  deflection  method  was  used  in  the 
case  of  K,  while  the  method  of  first  throw  was  used  in  the  case  of 
Na  and  Rb.  Furthermore,  nearly  all  of  the  points  for  Na  and 
Rb  are  the  mean  of  two  values.  Na  has  on  the  general  average  just 

TABLE*  III 
REFLECTING  POWER  (O)  OF  RB  MIRROR  No.  2 

PLANE  OF  POLARIZATION  PARALLEL  TO  PLANE  OF  INCIDENCE 


Angle  of  Incidence 

A 
640.9 

A 
589.3 

A 
539  6 

A. 
488.8 

A 
454-6 

12° 

O   8^2 

o  821 

o  826 

o  812 

o  804 

2O 

844 

820 

82O 

8is 

80  S 

2% 

828 

828 

82^ 

824 

80  c 

2O.  .  .  

.870 

.829 

.820 

.837 

.800 

4.O 

871 

84  c 

860 

8n 

823 

eo 

87=5 

840 

828 

864 

84  c 

60 

872 

868 

863 

87? 

865 

6<J.  . 

0.888 

0.868 

0.868 

0.872 

0.860 

PLANE  OF  POLARIZATION  PERPENDICULAR  TO  PLANE  OF  INCIDENCE 


12°  

0.808 

0.777 

o.  700 

0.802 

O  7^0 

2O  

.813 

.  702 

.776 

.  7C7 

2C 

7Q2 

788 

788 

783 

764. 

•JQ 

822 

771? 

800 

74.8 

4.O 

78? 

760 

782 

770 

720 

"?O 

707 

76^ 

760 

760 

7tro 

60 

787 

762 

7Q7 

•  /"V 

780 

766 

6< 

O  7QO 

o  761 

O  77^ 

o  783 

o  7<c6 

a  slightly  better  reflecting  power  than  K,  Rb  being  less  than  either 
as  for  white  light. 

To  the  author's  knowledge,  no  other  investigation  on  Rb  has 
ever  been  carried  out,  so  that  comparison  is  impossible.  Great 
faith  is,  however,  placed  in  the  curves  for  Rb,  since  the  results 
obtained  for  green  light  for  two  different  mirrors  check  very  well 
with  each  other  (see  Tables  IV  and  V).  The  results  of  Tables  III 
and  IV  are  shown  in  Fig.  n.  In  these  tables  X  is  given  in  JLIJU. 
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The  results  for  Na  and  K  are  shown  in  Figs.  13  and  14. 
The  curves  for  Na  for  light  polarized  perpendicular  to  the 
plane  of  incidence  are  noteworthy.     For  small  angles  of  incidence, 

TABLE  IV 
REFLECTING  POWER  (K)  OF  RB  No.  2 


PLANE  OF  POLARIZATION  PARALLEL  TO  PLANE  or  INCIDENCE 

Angle  of 
Inc. 

A 
640  Q 

Angle  of 
Inc. 

A 
589.3 

Angle  of 
Inc. 

• 

A 
539  6 

Angle  of 
Inc. 

A 

488.8 

Angle  of 
Inc. 

A 

454-6 

7V... 

0.862 

7°53'.. 

0.831 

7°53'.- 

0.835 

7V-  • 

0.821 

7V" 

0.812 

13    4  ... 

.854 

13    3  •  • 

.829 

13      2   .. 

•830 

13    o  .. 

.824 

12  58  .. 

.813 

16  13  .  .  . 

.838 

16  12  .  . 

.837 

16  10  .  . 

.835 

16    8  .. 

.834 

16    5-. 

.813 

19  18  .  .  . 

.881 

19  16  .. 

.838 

19  14  .. 

•831 

19  ii  .  . 

.847 

19    8  .. 

.818 

25    8... 

•885 

25    6.. 

•855 

25    3  •• 

.872 

25    o  .. 

.843 

24  56  .  . 

.833 

30  25  ... 

.888 

30  22   .. 

•863 

30  18  .. 

.841 

30  14  .  . 

.875 

3°    9  •• 

.857 

34  55  ••• 

.887 

34  51  •• 

-883 

34  47  •  • 

.877 

34  42  .  . 

.891 

34  36  •  • 

.878 

36  48  ... 

0.904 

3644  •• 

0.882 

36  39  •  • 

0.884 

36  34  •  • 

0.888 

36  27  .. 

0.874 

PLANE  OF  POLARIZATION  PERPENDICULAR  TO  PLANE  OF  INCIDENCE 

7V... 

0.818 

7°53'.- 

0.785 

7°53'.- 

0.799 

7V-. 

0.811 

7°5o'.. 

o.  766 

13    4  ... 

.823 

13    3  •• 

.803 

13      2   .. 

.802 

13    o  .. 

•785 

12  58  .. 

.  760 

16  13  .  .  . 

.802 

16  12  .  . 

.798 

16  10  .  . 

.798 

16    8  .. 

.792 

16    5-. 

.771 

19  18  .  .  . 

.833 

19  16  .  . 

.785 

19  14  .. 

.810 

19  ii  .  . 

.783 

19    8  .. 

.756 

25    8... 

•797 

25    6.. 

.780 

25    3  •• 

•793 

25    o  .. 

.780 

24  56  .  . 

.748 

30  25  ... 

.809 

30  22   .. 

.778 

30  18  .. 

.771 

30  14  -  - 

.780 

30    9  •• 

.  760 

34  55  .•• 

.801 

34  5i  •• 

.776 

34  47  •  • 

.805 

3442  .. 

•794 

34  36  •  • 

.778 

36  48  ... 

0.803 

36  44  .  . 

0-773 

36  39  •  • 

0.788 

3634  .- 

0.796 

36  27  .. 

0.769 

TABLE  V 

REFLECTING  POWER  FOR  RB  MIRROR  No    i 
FOR  X  =  539 . 6   /A/A 


PLANE  OF  POLARIZATION  PARALLEL 
TO  PLANE  OF  INCIDENCE 


PLANE  OF  POLARIZATION  PERPENDICULAR 
TO  PLANE  OF  INCIDENCE 


0 

R 

0 

R 

Angle  of 
Incidence 

A 
539  6 

Angle  of 
Incidence 

A 
539  6 

Angle  of 
Incidence 

A 
539  .6 

Angle  of 
Incidence 

A 
539  6 

12°  

0.8o6 

7°53' 

0.814 

12°  

0.805 

7°53/ 

0.815 

2O  

.828 

13      2 

•837 

2O  

.802 

13      2 

.812 

25  

3°  

40 

.837 
•838 
841 

16  10 

19  14 

2"\      3 

.847 
.849 

8=54 

25  
30  
4O 

.813 
.808 
80  1 

16  10 

19  14 

2s       3 

824 
818 
812 

CO    . 

8<;o 

30  18 

862 

CO 

?8o 

T,0    l8 

.801 

60       ... 

863 

24  47 

.877 

60  

7QC 

74  47 

.808 

65  

0.861 

3639 

0.877 

65  

0.785 

3639 

0.798 
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the  reflecting  power  first  increases  and  then  decreases.  This 
appears  to  become  more  marked  as  the  wave-length  decreases. 
This  is  the  only  evidence  that  has  been  obtained  that  may  throw 
light  on  the  selective  photo-electric  effect  as  depending  upon  the 
optical  properties  of  the  metals. 

The  Rb  curves  also  show  similar  evidence,  though  not  so  marked 
as  in  Na. 

The  reflecting  powers  are  given  with  reference  to  glass  as  the 
adjacent  medium.  Were  the  metals  in  contact  with  a  vacuum, 
the  results  would  have  been  slightly  higher.  The  magnitude  of 
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this  increase  may  be  obtained  as  follows.  Taking  R.  W.  and 
R.  C.  Duncan's  results  for  K  for  \  =  ^Sg.^  M,  we  have  n  =  0.068 
and  /c  =  22.  i.  Hence,  we  obtain  a  value  of  0.92  for  the  reflecting 
power  of  K  by  substituting  in  the  formula  for  normal  incidence,  i.e., 


R  = 


It  has  been  shown  by  Ingersoll1  that  the  reflecting  power  of 
a  metal  in  contact  with  a  vacuum  can  be  obtained  from  the  reflec- 
ting power  of  the  metal  in  contact  with  a  medium  of  refractive 
index,  m,  by  dividing  n  by  m  and  substituting  in  the  formula  above 
for  R.  In  our  case,  m=  1.5155,  so  that  R  would  become  in  the 
case  above,  o. 914.  The  reflecting  powers,  as  they  are  given  in  the 

1  Physical  Review,  29,  392,  1903. 
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tables  and  curves,  would  thus  be  a  fraction  of  a  percentage  higher 
were  the  metal  in  contact  with  a  vacuum  instead  of  with  glass. 

XII.      RELATION    BETWEEN    OPTICAL    ANP    ELECTRICAL    PROPERTIES 

OF   METALS 

Starting  with  Maxwell's  electro-magnetic  equations,  it  can  be 
shown  that,  in  the  case  of  very  good  conductors  like  metals,  the 
relation  between  the  reflecting  power,  conductivity,  and  wave- 
length is  given  by 

R=i ^=  (8) 

V<rc\ 

where  a  is  the  electrical  conductivity  in  c.g.s.  electro-magnetic 
units,  c  is  the  velocity  of  light,  and  X  is  the  wave-length.  This 
relation  holds  theoretically  only  for  very  long  wave-lengths. 
Hence,  as  the  wave-length  X  increases,  the  second  term  diminishes, 
and  R  increases,  becoming  unity  for  X  =  oo  . 

The  variation  of  R  for  the  alkali  metals  as  a  function  of  X  is 
shown  in  Fig.  15.  There  is  a  distinct  rise  of  the  reflecting  power 
with  increasing  wave-length,  thus  confirming  theory.  The  points 
on  the  curves  represent  the  mean  of  the  reflecting  powers  for  light 
polarized  parallel  and  perpendicular  to  the  plane  of  incidence,  and 
for  an  angle  of  incidence  of  12°.  The  mean  therefore  represents 
very  closely  the  reflecting  power  at  normal  incidence,  to  which  the 
equation  (8)  applies. 

In  Table  VI  are  given  the  experimental  values  for  the  reflecting 
powers  for  normal  incidence.  The  values  of  the  reflecting  powers 
as  given  by  equation  (8)  have  also  been  calculated  and  inclosed 
in  this  table. 

Inspection  of  Table  VI  shows  that  the  experimental  values  of 
the  reflecting  power  of  sodium  is  about  3  per  cent  less  than  that 
calculated  by  R.  W.  and  R.  C.  Duncan  from  their  katopric  measure- 
ments. On  the  other  hand,  the  values  of  potassium  in  this  table 
seem  to  be  somewhat  larger  than  those  of  Duncan. 

In  general  the  theoretical  values  are  lower  than  the  experi- 
mental, though  the  agreement  in  the  case  of  Rb  is  very  close. 
The  reflecting  power  of  Rb  is  thus  confirmed  by  Maxwell's  equation 
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of  reflection.     The  discrepancy  between  theory  and  experiment 
becomes  more  marked  if  we  put  equation  (8)  in  the  form 


(9) 


The  value  of  the  expression  on  the  left-hand  side  of  the  equation 
appears  to  be  only  a  function  of  the  wave-length,  and  hence  ought 
to  be  independent  of  the  metal  useck  Calculations  for  X  =  640 . 9  ju/z 
made  with  Na,  K,  and  Rb  show,  however,  that  the  values  of  the 
left  member  of  equation  (9)  are  respectively  66.9,  69.3,  and  117. 

while  -—=124.4. 
V  \ 

This  discrepancy  between  theory  and  experiment  shows  that 
Maxwell's  equations  do  not  hold  for  the  visible  spectrum.  In  view 

TABLE  VI 
NORMAL  INCIDENCE 


ffe.m.  for  Na  = e.m.u.  (21??) 

5072 

<rc.m.  for  K  =— —  e.m.u.  (20??) 
7010 


Hornbeck1 


<rc.m.  for  Rb  =  71X10-*  e.m.u.  (ig°3)  Guntz  and  Broniewski2 
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86  1 
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AC  A     6.  . 

O  QI4 

o  878 

O   QI2 

o  8t;7 

o  780 

O    7O7 

of  the  modern  electron  theory  this  is  not  at  all  surprising,  for 
Maxwell's  theory  does  not  take  into  account  the  effect  of  the 
resonating  electrons  within  the  metals  upon  the  incident  electro- 
magnetic waves.  That  Maxwell's  equation  holds  very  well  for 

1  Physical  Review  (2),  2,  217,  1913. 

3  C.  R.,  147,  M74,  1908;  148,  204,  1909. 
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large  wave-lengths  was  shown  by  Hagen  and  Rubens1  for  wave- 
lengths ranging  from  8  to  15  JIL 

Inspection  of  Fig.  15,  for  the  case  where  the  angle  of  incidence 
is  35°,  shows  that  the  reflecting  powers  of  the  alkali  metals  for  light 
polarized  perpendicular  to  the  plane  of  incidence  are  always  less 
than  the  reflecting  powers  for  light  polarized  parallel  to  the  plane 
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FIG.  15 

of  incidence.  On  the  other  hand,  were  the  selective  effect  due  to 
a  change  in  the  optical  properties  of  the  alkali  metals,  we  should 
expect  an  abnormally  high  reflecting  power  for  light  polarized 
perpendicular  to  the  plane  of  incidence.  The  range  of  wave- 
lengths employed  in  this  investigation  covers  about  one-half  the 

1  Annalen  der  Physik,  n,  873,  1903. 
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selective  region  for  potassium  and  about  two-thirds  that  for  rubi- 
dium. It  therefore  appears  that  the  selective  effect  cannot  be  due 
to  an  abnormally  high  reflecting  power  in  the  region  of  the  selective 
effect.  This  investigation  must,  however,  be  carried  down  to  still 
smaller  wave-lengths  before  the  problem  can  be  more  definitely 
decided. 

SUMMARY 

1.  The  reflecting  powers  of  sodium,  potassium,  and  rubidium 
we're   determined   for   various   angles   of   incidence,   using   white 
unpolarized  light  and  also  monochromatic  light  polarized  parallel 
and  perpendicular  to  the  plane  of  incidence. 

2.  A  rubidium-argon  photo-electric  cell  was  used  as  a  photom- 
eter.    It  was  calibrated  in  terms   of  known   light-intensities  by 
means  of  crossed  nicols.     The  photo-electric  current  was  found  not 
to  be  strictly  proportional  to  the  light-intensity. 

3.  The  alkali  metals  were  used  in  the  form  of  mirrors,  which 
were  made  by  distilling  or  pouring  the  metal  on  a  glass  plate  forming 
a  part  of  an  evacuated  cell. 

4.  Owing  to  reflection  at  the  front  and  internal  faces  of  the 
glass  plate,  the  optical  properties  of  the  glass  plate  were  deter- 
mined in  order  to  calculate  the  reflecting  power  of  the  metal  itself. 
Fresnel's  reflection  equations  for  glass  were  verified. 

5.  The  reflecting  powers  of  Na,  K,  and  Rb  were  found  to 
decrease  in   the  order  named,   i.e.,   as  their  atomic  weights  in- 
creased.     The  values  for  monochromatic  light  were  found  to  be 
somewhat  higher  than  those  for  white  light.     The  results  for  Rb 
were  found  to  be  confirmed  by  Maxwell's  equation  for  metallic 
reflection. 

6.  In  the  case  of  monochromatic  polarized  light,  the  reflecting 
power  increased  with  increased  angle  of  incidence  for  light  polar- 
ized parallel  to  the  plane  of  incidence,  but  decreased  somewhat  for 
light  polarized  perpendicular  to  the  plane  of  incidence  for  the  range 
of  angles  used. 

7.  The   reflecting   powers   increased   with   increase   of   wave- 
length in  accordance  with  Maxwell's  theory. 
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8.  The  selective  photo-electric  effect  does  not  seem  to  be  due 
to  any  marked  change  in  the  reflecting  powers  of  the  alkali  metals 
for  light  polarized  perpendicular  to  the  plane  of  incidence. 

In  conclusion,  I  wish  to  take  this  opportunity  of  expressing 
my  thanks  to  Professor  A.  P.  Carman  for  having  so  kindly  placed 
the  necessary  facilities  for  research  at  my  disposal,  and  to  acknowl- 
edge my  indebtedness  to  Professor  Jakob  Kunz  for  having  sug- 
gested this  problem,  and  for  his  many  valuable  and  kind  suggestions 
throughout  this  investigation. 
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The  Collapse  of  Short  Thin  Tubes. 
By  ALBERT  P.  CARMAN. 

[Plate  XIV.] 

THE  problem  of  the  collapse  of  tubes  is  to  find  an 
equation  to  express  the  relation  between  the  collapsing 
pressure  and  the  dimensions  and  elastic  properties  of  the  tube. 
In  this  general  form  no  solution  has  been  found,  and  it  is 
probable  that  no  simple  solution  is  possible.  We  have 
reached,  however,  from  theory  and  from  experiments,  fairly 
simple  equations  (1)  for  long  thin  tubed,  and  (2)  for  long 
tubes  of  moderate  thickness.  The  term  "long"  is  used  for 
a  tube  the  length  of  which  is  beyond  a  certain  "critical 
length,"  which  is  generally  taken  as  about  six  diameters. 
The  thickness  of  the  tube  is  expressed  in  terms  of  the  ratio 
of  the  wall  thickness  t  to  the  mean  diameter  d.  If  t/d  is 
not  more  than  about  '025,  the  tube  is  ordinarily  called 
"thin/''  By  "  moderately  thick  "  we  mean  tubes  for  which 
t/d  has  a  value  between  '03  and  '07.  The  equation  for  long 
thin  tubes  was  deduced  first  by  Gr.  H.  Bryan  *,  from 
theoretical  considerations,  and  has  the  form  p  =  c(tjd)*1 

9TT 

where  c  is  a  constant  and  equal  theoretically  to  •- 3    (E  is 

-L  —~  5 

Young's  modulus,  and  s  is  Poisson's  ratio  for  the  material 
of  the  tube) .  The  form  of  this  formula  has  been  confirmed 
by  the  experiments  of  Carman  and  Carr  f  on  seamless  steel, 
lap-welded  steel,  and  brass  tubes,  and  by  Stewart  t  for  lap- 
welded  tubes.  The  values  of  the  constants  found  by  these 

*  Proc.  Camb.  Phil.  Soc.  (1888). 

t  Univ.  of  Illinois  Eng.  Experiment  Station  Bulletin  (1906). 

J  Trans.  Am.  Soc.  Mech.  Eng.  (1906). 
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experiments  are,  however,  about  25  per  cent,  less  than  those 
indicated  by  theory,  probably  in  consequence  of  the  material 
being  beyond  the  elastic  limits.  The  formula  for  moderately 

thick   tubes  has  the  form  p  =  a-, ,  —  6,  where  a  and  b  are 

constants.  This  formula  is  purely  empirical  both  in  its  form 
and  its  constants. 

Carman  concluded  from  his  early  experiments  on  small 
brass  tubes  (Phys.  Rev.  vol.  xxi.,  1905)  "that  there  is  a 
minimum  length  for  each  tube,  beyond  which  the  collapsing 
pressure  is  constant,  and  further,  that  this  minimum  length 
is  quite  definite.  A^ain,  for  lengths  less  than  this  critical 
minimum  length,  the  collapsing  pressures  rise  rapidly.  As 
definitely  as  can  be  determined  from  these  small  tubes,  the 
collapsing  pressure  varies  inversely  as  the  length  for  lengths 
less  than  the  critical  length."  This  last  law  is  stated  by 
Gilbert  Cook  in  what  he  has  called  " Carman's  equation" 

(Phil.  Mag.  July  1914,  p.   53).    p'=  jp,  where  p  is  the 

collapsing  pressure  of  an  infinitely  long  tube,  L  is  the 
critical  length,  /  the  length  of  the  given  tube,  and  p'  the 
corresponding  collapsing  pressure.  A  curve  drawn  with 
lengths  as  abscissae  and  collapsing  pressures  as  ordinates, 
would  thus  consist,  as  R.  V.  Southwell  has  noted  (Phil.  Mag. 
Jan.  1915)  of  two  discontinuous  branches,  a  straight  line 
parallel  to  the  axis  of  abscissae  and  a  rectangular  hyperbola 
intersecting  the  straight  line  at  the  point  corresponding  to 
the  critical  length.  For  both  theoretical  and  practical 
reasons,  the  form  of  this  pressure-length  curve  at  and  within 
the  critical  length  has  recently  aroused  much  interest  and 
discussion.  The  practical  interest  came  first  from  the 
problem  of  spacing  "  collapse  rings  "  in  boiler-flues.  Another 
practical  problem  comes  from  the  collapse  of  steel  flumes  by 
atmospheric  pressure,  when  accidents  have  suddenly  let  out 
the  water  and  reduced  the  pressure  almost  to  the  zero  on 
the  inside.  The  theoretical  interest  comes  from  a  formula 
deduced  by  R.  V.  Southwell  in  a  very  important  paper  on 
"  Elastic  Stability,"  read  in  1912  before  the  Royal  Society 
of  London.  In  this  paper  Professor  Southwell  has  deduced 
the  formula 

__  4.  :      m      (w     i  \* 

1\     74  ~T    o  _2        l\K   ~L)  J'l> 


where  p  is  the  collapsing  pressure,  E  the  Young's  modulus, 
is  Poisson's  ratio,  z  is   a   constant  depending  upon  the 
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end  constraints,  /,  d,  and  t  are  the  length,  diameter,  and  wall 
thickness,  and  k  represents  the  number  of  lobes  into  which 
the  tube  collapses.  As  is  known,  long  tubes  collapse  into 
two  lobes,  shorter  tubes  into  three  lobes,  and  still  shorter 
tubes  into  four  lobes  (see  Phys.  Rev.  vol.  xxi.  p.  396,  figs.  3,  4, 
1905).  This  formula  is  represented  by  a  family  of  curves, 
corresponding  to  the  values  of  2,  3,  4,  etc.,  for  k.  Southwell 
points  out  that  the  envelope  of  this  family  of  curves  is  very 
nearly  a  rectangular  hyperbola.  For  longer  tubes  for  which 

k  =  2,  and  -^-  is  very   small,    Southwell's   formula   reduces 

directly  to  Bryan's  formula.  Southwell  at  first  used  the 
term  "  critical  lengths "  to  designate  the  lengths  at  which 
the  tube  may  collapse  into  either  2  or  3  lobes,  or  into  either 
3  or  4  lobes,  that  is,  the  points  of  intersection  of  the  branches 
of  this  curve.  He  has,  however,  also  deduced  theoretically 
an  expression  for  the  critical  length  in  the  sense  in  which 
Love  and  Carman  used  the  term  *.  In  this  expression 
~L  =  k  \/d*/t,  k  is  a  constant.  Mr.  Cook,  in  the  Phil.  Mag. 
for  July,  1914,  gets  a  value  of  1*74  for  k  from  the  discussion 
of  a  series  of  careful  experiments  made  by  him  on  short 
ateel  tubes  of  three  inches  mean  diameter  and  different 
thicknesses.  Cook  concluded  that  the  critical  length  is 
apparently  "from  about  13  to  18  times  the  diameter" 
instead  of  about  6  diameters  as  originally  suggested  by 
Carman.  Unfortunately,  Cook's  apparatus  limited  him  to 
tubes  less  than  13  inches  in  length ;  that  is,  to  lengths  of 
about  4  diameters,  and  so  his  curves  do  not  reach  the 
important  bends  or  "  critical "  points.  Mr.  Cook  himself 
says  :  "  the  tests  cannot  be  regarded  as  sufficient  in  number 
or  covering  enough  range  of  dimensions  to  confirm  definitely 
the  equation  L  =  &  V^3/^" 

The  following  experiments  have  been  made  to  obtain  more 
data  on  the  collapsing  pressures  of  tubes,  particularly  near 
and  inside  of  the  "critical5'  bend  in  the  curve  for  the 
relation  between  pressure  and  length.  The  work  to  be 
described  is  part  of  work  which  is  being  done  under  the 
auspices  of  the  Engineering  Experiment  Station  of  the 
University  of  Illinois,  and  with  the  help  of  Mr.  S.  Tanabe, 
Research  Fellow.  The  apparatus  was  mostly  that  which 
was  used  by  the  author  a  number  of  years  ago,  and  the 
methods  of  the  experiments  used  were  similar  f.  The  tube 

*  Southwell,  Phil.  Mag.  vol.  xxix.  p.  69. 

t  Bulletin  No.  5,  Engineering  Experiment  Station,  University  of 
Illinois. 
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to  be  collapsed  was  closed  by  end-plugs,  and  these  were 
supported  by  an  internal  rod  so  as  to  eliminate  end  pressures 
on  the  tube  when  the  tube  was  placed  under  external  water 
pressure.  Leakage  to  the  inside  of  the  tube  was  prevented 
by  wrapping  the  joints  with  "friction"  insulation  tape,  and 
covering  the  whole  joint  with  asphaltum.  End  constraints 
were  thus  avoided.  The  experiments  described  here  were 
on  seamless-drawn  steel  tubes  of  1,  2,  and  3  inches  diameter. 
The  tubes  were  carefully  machined  to  different  thicknesses, 
so  results  have  been  obtained  for  several  values  of  tjd  for 
each  kind  of  tube.  The  nickel-steel  receptacle  was  40  inches 
long,  so  that  results  well  beyond  the  u  critical  length  "  could 
be  obtained  in  most  cases.  As  a  matter  of  interest  and  of 
possible  importance,  experiments  were  made  on  the  collapse 
of  a  series  of  small  tubes  of  brass,  aluminium,  hard-rubber, 
and  glass.  These  results  are  not  given  and  discussed  in 
this  paper,  but  it  may  be  stated  that  the  curves  obtained 
have  similar  forms  to  those  for  steel.  The  collapse  of  the 
glass  tubing  was  striking,  as  the  tube  was  reduced  to  a 
fairly  fine  powder  upon  collapse.  The  strain  was  apparently 
uniform  throughout,  and  all  parts  seemed  to  give  way  at  the 
same  time. 

The  results  of  the  experiments  with  steel  tubes  are  given 
in  Tables  I.,  II.,  and  III.  These  results  are  also  shown  by 
the  curves  of  figs.  1,  2,  and  3  (PL  XIV.).  The  number  of 
lobes  of  the  collapsed  tube  is  given  in  the  fourth  column  of  the 
Tables,  and  is  also  indicated  by  a  small  numeral  at  the  point  on 
the  curve.  This  is  made  a  matter  of  record  on  account  of  its 
importance  in  Southwell's  theory,  but  it  is  not  discussed  in 
the  present  paper.  The  data  given  here  are  the  results  of  the 
collapse  of  over  125  tubes.  There  were  in  practically  each 
case  two  tubes  of  the  given  size,  and  tnus  an  average  could 
be  made  for  each  point.  This  also  gave  an  immediate  check 
on  freak  collapses.  Very  few  freak  collapses,  however,  occur- 
red, and  these  were  easily  explained  by  irregularities  that 
appeared  upon  the  inspection  of  the  collapsed  tube.  While  the 
machine  work  on  these  tubes  was  done  with  great  care  by  the 
mechanician  of  the  department,  it  was  impossible  always  to 
get  the  value  of  t/d  with  the  desired  exactness.  It  was  thus 
necessary  to  make  a  correction  in  the  observed  collapsing 
pressure,  so  as  to  have  sets  of  results  for  a  curve  between 
pressures  and  lengths  with  t/d  constant.  These  corrections 
were  made  by  interpolation,  assuming  that  the  collapsing 

pressure  varies  as  t-j\  .     Since  the  total  variations  of  l~j 
in  these  corrections  were  small,  there  was  little  assumption 
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TABLE  I. 
"One-inch"  Steel  Tubes.     Inside  diameter  '942  inch. 


Length 
in  inches. 

t/d. 

Pressure  of  Collapse. 
Ib.  per  sq.  in. 

Number  of 
Lobes. 

1-72 

•0245 

2490 

4 

1-74 

•0190 

1600 

3  or  4 

1-78 

•0150 

1030 

3  or  4 

T78 

•01 

420 

4 

2-63 

•0245 

2060 

3 

2-63 

•0190 

1180 

3 

2-(>3 

•0150 

670 

3 

2-63 

•010 

200 

3 

3-69 

•0245 

1390 

2  or  3 

3-69 

•0190 

800 

3 

3-69 

•0150 

550 

3 

3-69 

•010 

120 

3 

2-72 

•0225 

1170 

3 

6-63 

•0245 

920 

2 

5-63 

•0225 

730 

2 

563 

•0190 

520 

2 

5-03 

•0150 

320 

2 

5-63 

•010 

115 

2 

5-5 

•0227 

675 

3 

7-5 

•0245 

900 

2 

7-59 

•0225 

710 

2 

7-56 

•010 

50 

2 

7-44 

•015 

210 

2 

7-62 

•015 

190 

2 

7-62 

•019 

420 

2 

9-6 

•0245 

900 

2 

9-56 

•0225 

625 

2 

9-6 

•019 

440 

2 

9-56 

•015 

150 

2 

11-6 

•0245 

750 

2 

11-63 

•0225 

600 

2 

11-63 

•019 

375 

2 

11-6 

•015 

145 

2 

1 

(if  any)    in   the  above  interpolation  and  corrections.     We 
note: 

(1)  The  curves  for  different  thicknesses  and  diameters  are 
all  similar  in  shape.     Thus  the  series  of  curves  for  the  1-inch 
tubes  and  that  for  the  2-inch  tubes  show  the  same  character- 
istics.    The  very  thin  tubes  show  the  greater  variations,  but 
this  is  to  be  expected  owing  to   the    difficulty  in  getting 
uniformity  in  thickness  and  material  for  thin  tubes. 

(2)  By  taking  the  point  for  the  length  of  six  diameters, 
and    drawing  an  hyperbola  through  this  point,  using   the 

equation  jt/=p-p  and  taking  p  as  the  collapsing  pressure  at 
the  length  of  six  diameters,  there  is,  in  most  cases,  a  satisfactory 
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TABLE  II. 
44  Two-inch  "  Steel  Tubes.     Inside  diameter  1*873  inches. 


Length 
in  inches. 

t/d. 

Pressure  of  Collapse,  i        Number  of 
Ib.  per  sq.  in.                      Lobes. 

3-91 

•0245 

2870 

3 

3-88 

•0197 

1770 

3 

4- 

•015 

920                              3 

3-88 

•010 

350                               2 

5-94 

•0245 

2050 

3 

5-94 

•0197         . 

1280 

3 

5-94 

•015 

540                               3 

5-94 

•010 

150                               2 

7-8 

•0245 

1630                               2 

7-63 

•0197 

980 

2 

7-63 

•015 

515 

2 

7-66 

•010 

135 

2 

11-34 

•0245 

1080 

2 

11-34 

•0197 

590 

2 

11-34 

•015 

260                               2 

11-34 

•010 

70 

2 

15-13 

•0245 

960 

2 

15-13 

•0197 

510                               2 

15-13 

•0150 

220                               2 

15-13 

•0099 

55                               2 

18-94 

•0245 

794 

2 

23- 

•0245 

780 

2 

27-8 

•0245 

780 

2 

TABLE  III. 
"Three-inch"  Steel  Tubes.     Inside  diameter  2*87  inches. 


Length 
in  inches. 

t/d. 

Pressure  of  Collapse. 
Ib.  per  sq.  in. 

Number  of 
Lobes. 

5-88 

•0227 

2640 

4 

9-12 

•0227 

1960 

3  or  4 

12-14 

•0227 

1390 

2 

12-17 

•0227 

1040 

2 

12-19 

•0227 

1010 

2 

15-06 

•0227 

873 

2 

15-06 

•0227 

910 

2 

18-13 

•0227 

756 

2 

18-28 

•0227 

895 

2 

24-13 

•0227 

684 

2 

24-25 

•0227 

770 

2 

agreement  between  the  observed  and  calculated  curves  for 
lengths  less  than  six  diameters.  In  figs.  4,  5,  and  6,  we 
have  the  observed  and  calculated  curves  for  lengths  less  than 
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six  diameters.  In  fig.  6  we  have  the  calculated  hyperbola 
extended  beyond  the  length  of  six  diameters.  The  particular 
curves  of  figs.  6  and  7  are  for  1-inch  and  3-inch  tubing  of 
thicknesses  of  £/d=*0245  and  *0227,  but  the  tubes  of  other 
diameters  and  thicknesses  show  similar  characteristics.  It 
is  seen  that,  for  lengths  greater  than  six  diameters,  the 
hyperbola  thus  calculated  shows  pressures  increasingly  less 
than  those  given  by  experiment.  At  this  length  of  six 
diameters  there  thus  appears  to  be  a  "  critical  length."  The 
curve  at  this  length  bends  rapidly  towards  the  horizontal 

{especially  and  particularly  so]  in  the  case  of  the  thick  tubes. 
n  the  case  of  the  thinnest  tubes  both  for  the  1-inch  and  the 
2-inch  tubes,  that  is,  for  tubes  in  which  the  ratio  of  t/d  is  '001, 
the  agreement  with  the  hyperbola  is  not  so  good  and,  indeed, 
the  maximum  bend  seems  to  occur  at  a  much  shorter  length. 
While  the  curves  show  much  uniformity  and  the  same 
characteristics  are  found  in  the  1-inch  and  the  2-inch  tubes 
for  this  thickness,  yet  the  percentages  of  error  for  such  low 
pressures  of  collapse  are  necessarily  greater. 

(3)  The  experimental  curves  of  this  investigation  are  not 
in  agreement  with  the  Southwell  formula  L  =  &  \/d*/t, 
which  Cook  has  used.  This  is  shown  in  typical  cases  in 
figs.  6  and  7,  where  the  curves  for  L  =  1'75  \/ds/t  are  drawn 
for  the  1-inch  and  3-inch  tubes  having  a  ratio  t/d  of  *0245 
and  *0227.  On  the  same  figures  we  have  the  rectangular 
hyperbolas  drawn  through  the  experimental  point  for  a 
length  of  six  diameters.  If  we  write  the  formula  L  = 
in  the  form 

1= 

~~ 


we  see  that  the  critical  length  should  increase  directly  as 
the  diameter,  and  inversely  as  the  square-root  of  t/d.  It  is 
evident  that  the  length  corresponding  to  the  critical  bend 
does  vary  as  the  diameter  of  the  tube,  but  the  curves  do  not 
show  that  the  thinner  tubes  have  the  longer  critical  lengths. 
Indeed,  the  very  thin  tubes  for  both  the  1-inch  tubes  and 
the  2-inch  tubes  rather  indicate  a  shorter  critical  length 
than  a  length  of  six  diameters.  It  will  be  remembered  that 
Cook  was  unfortunately  limited  by  his  apparatus  to  lengths 
of  less  than  four  diameters,  and  so  his  curves  could  not  show 
the  above. 

The  experimental  curves  for  seamless  steel  tubes,  for 
which  the  ratio  t/d  is  between  '0245  and  *015.  thus  show 
that  there  is  a  "  critical  "  bend  at  the  length  of  about  six 
diameters,  the  part  of  the  curve  for  the  shorter  lengths  being 
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a  rectangular  hyperbola.  Beyond  this  critical  bend,  the 
curve  approaches  more  or  less  rapidly  to  a  straight  line 
parallel  to  the  axis  of  abscissse.  The  above,  in  connexion 
with  previous  results  on  the  collapsing  pressures  of  lone 
tubes,  thus  should  allow  us  to  calculate  with  reasonable 
approximation  the  collapsing  pressures  of  short  steel  tubes 
or  these  thicknesses. 

Laboratory  of  Physics,  University  of  Illinois, 
TJrbana,  Illinois,  May  1916. 
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CORONA  AND  RECTIFICATION  IN  HYDROGEN 


BY  J.    W.    DAVIS    AND    C.    S.    BREESE 


ABSTRACT  OF  PAPER 

The  results  of  an  investigation  of  the  corona  discharge  between 
co-axial  cylinders  in  an  atmosphere  of  hydrogen  are  given  in 
this  paper. 

Both  direct  and  alternating  electromotive  forces  were  used. 
The  characteristic  behavior  of  the  corona  is  given  by  means  of 
curves,  photographs  and  oscillograms. 

The  corone  discharge  in  hydrogen  was  found  to  differ  from 
that  in  air  in  the  following  particulars: 

The  discharge  from  a  negative  wire  was  found  to  differ  widely 
from  a  positive  wire  in  the  magnitude  of  the  voltage  necessary  to 
start  the  discharge  in  the  shape  of  the  volt-ampere  characteristic 
and  also  in  the  stability  of  the  discharge. 

Corona  in  hydrogen  between  concentric  cylinders  is  shown  to 
be  a  practicable  method  for  rectifying  high  potential  alternating 
currents. 

The  apparent  evidence  of  ionization  potential  gradients  at 
the  surface  of  the  tube  and  the  general  character  of  the  visual 
phenomena  are  discussed. 

A  brief  statement  of  conclusions  is  given. 


WHEN  a  sufficiently  high  potential  difference  is  impressed 
between  two  parallel  wires,  or  a  wire  and  concentric 
cylinder,  separated  by  air  or  some  other  gas,  this  gas  which  for 
low  potential  gradients  is  a  very  good  insulator  breaks  down  and 
becomes  a  partial  conductor.  The  phenomena  connected  with 
this  character  of  conduction  through  gases  are  known  collect- 
ively by  the  name  corona.  The  failure  of  the  gaseous  dielectric 
separating  the  metallic  conductors  is  made  evident  by  a  flow  of 
current  from  one  conductor  to  the  other,  by  a  power  loss  and,  in 
practically  all  cases,  by  the  appearance  of  light  at  either  one  or 
both  conductor  surfaces.  In  some  cases  light  appears  in  the 
intervening  space. 

Since  the  present  theories  as  to  the  mechanism  of  corona  form- 
ation do  not  satisfactorily  account  for  all  of  the  observed 
phenomena  it  was  decided  to  carry  out  further  investigations 
in  the  hope  that  when  enough  data  were  accumulated  some  theory 
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based  on  fundamental  principles  and  explaining  the  observed 
phenomena  might  be  evolved.  With  this  purpose  in  mind  it 
was  attempted  to  simplify  the  conditions  of  corona  formation. 

A  wire  and  concentric  cylinder  were  used  in  order  to  make  the 
field  radial  and  to  get  away  from  the  secondary  effects  due  to  the 
high  intensity  electric  field  surrounding  a  second  wire.  Hydro- 
gen was  used  as  the  dielectric  in  order  to  minimize  the  effects 
due  to  changes  in  the  chemical  constitution  of  the  gas.  When 
air  is  used  as  the  dielectric  the  formation  of  ozone  may  produce 
marked  changes  in  the  voltage  necessary  for  corona  formation. 
Continuous  potential  was  used  in  order  to  separate  the  effects 
accompanying  a  discharge  from  a  positive  wire  to  a  negative 
tube  from  those  which  are  characteristic  of  the  discharge  from  a 
negative  wire  to  a  positive  tube. 


Field  Switches 


Ground 


^Glass  End  Plates-^ 


FIG.  1 — DIAGRAM  OF  CONNECTIONS 

APPARATUS 

The  continuous  voltage  used  in  these  investigations  was  ob- 
tained by  means  of  a  battery  of  forty  500-volt  250-watt  contin- 
uous-current shunt- wound  generators  connected  in  series. 

These  machines  are  divided  into  two  sets  of  ten  machines 
each  and  one  set  of  twenty  machines,  each  set  being  driven  by 
belt-connected  continuous-current  shunt  motor.  The  genera- 
tors are  mounted  on  insulating  bases  and  the  shafts  of  the  sepa- 
rate machines  are  connected  by  insulating  couplings.  In  the 
newer  part  of  the  installation  one  terminal  of  each  machine  is 
permanently  connected  to  the  frame  of  that  generator  in  order 
definitely  to  limit  the  strain  on  the  machine  insulation  to  the 
voltage  generated  in  one  armature. 


PLATE  II. 

A.  I.  E.  E 
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[DAVIS    AND     BREESE 


CORONA  TUBES  AND  MEASURING  APPARATUS 


1917] 


CORONA   AND  RECTIFICATION 


145 


The  field  of  each  machine  is  connected  directly  across  the 
armature  terminals,  a  single-pole  knife  switch  being  included  in 
the  circuit  in  order  that  the  machine  may  either  be  made  to 
generate  or  to  run  idle  at  will.  These  switches  were  operated  by 
means  of  a  hard  rubber  rod  approximately  eighteen  inches  in 
length,  since  they  may  be  20,000  volts  above  earth  potential. 
The  generators  were  run  somewhat  below  rated  speed  in  order 
to  limit,  to  a  safe  value,  the  voltage  generated  with  no  external 
resistance  in  the  field  circuit. 

The  diagrams  of  connections  for  the  direct-current  and  alter- 
nating-current tests  are  given  in  Fig.  1  and  Fig.  2  respectively. 
These  are  self-explanatory. 

Instruments.     Voltages  were  measured  with  a  vertical  type 


Single  Pole  Switch 


D.P.S.T.S. 

1 10  Volts  AC.J    ' 

5  Amp.  Fuses 


Iron  Tube 
used  for 
a  Core-" 


*W Ground    Oscillograph  Element 


To 
Oscillograph  Element 


Concentric  Wire 


FIG.  2. — CONNECTION  DIAGRAM  FOR  HALF  WAVE  RECTIFICATION 

Kelvin  electrostatic  voltmeter  having  ranges  of  20,000,  10,000 
and  5000  volts  and  a  Kohl  electrostatic  voltmeter  having  a  range 
of  3500  volts.  These  instruments  were  calibrated  from  time  to 
time  by  means  of  an  attracted  disk  electrometer.*  The  maxi- 
mum error  in  these  voltage  measurements  for  a  given  voltmeter 
scale  reading  was  less  than  two  per  cent.  The  probable  error  is 
less  than  one  per  cent. 

Currents  were  measured  by  means  of  a  d'Arsonval  galvano- 
meter and  Ayrton  universal  shunt.  These  were  calibrated  as  a 
unit  by  connecting  them  in  series  with  a  high  resistance  and  a 
dry  cell,  the  voltage  of  which  has  been  accurately  determined  by 
means  of  a  potentiometer.  The  voltage  of  the  dry  cell  was  de- 


The  theory  of  the  attracted  disc  electrometer. 
Vol.  XXXIII,     Part  II,  1914,  p.  1635.) 
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termined  both  on  open  circuit  and  with  the  smallest  series  resist- 
ance used  in  calibrating  the  galvonometer  connected  between 
its  terminals  as  a  load.  The  change  in  terminal  voltage  due  to 
the  current  flowing  was,  in  every  case,  found  to  be  entirely 
negligible. 

PREPARATION,  PURIFICATION  AND  TEST  OF  HYDROGEN 

The  hydrogen  used  in  these  investigations  was  prepared  by  the 
action  of  water  on  hy drone,  in  a  glass  containing  vessel.  Hy- 
drone  is  the  trade  name  for  «  sodium  lead  alloy.  This  alloy  was 
used  in  order  to  reduce  the  violence  of  the  reaction  between  the 
sodium  and  the  wrater.  The  hydrogen  prepared  in  this  manner 
was  collected  over  water  in  a  copper  vessel. 

When  it  was  desired  to  fill  a  corona  tube  with  hydrogen  the 
gas  was  forced  out  slowly  by  water  pressure.  It  was  passed 
through  drying  bottles  containing  concentrated  sulphuric  acid 
and  calcium  chloride  respectively.  It  was  then  passed  through 
a  hard  glass  tube  containing  red  hot  calcium  or  calcium  hydride. 
This  acted  as  an  effective  reagent  for  removing  any  traces  of 
oxygen  or  nitrogen. 

The  purifying  tube  was  filled  with  metallic  calcium  but  when 
this  is  brought  to  a  red  heat  in  an  atmosphere  of  hydrogen  a 
rapid  combination  takes  place.  The  hydride  formed  in  this 
manner  must  be  kept  in  an  atmosphere  of  hydrogen  as  it  com- 
bines with  air  at  room  temperature. 

From  the  purifying  tube  the  hydrogen  was  passed  through 
glass  tubing  to  the  corona  tube.  When  a  corona  tube  was  to  be 
filled  with  hydrogen  it  was  exhausted  and  filled  with  hydrogen 
three  times  in  order  to  remove  any  traces  of  air.  In  every  case 
a  Geissler  tube  was  connected  to  the  system  while  the  corona 
tube  was  being  filled.  The  spectrum  of  the  gas  in  this  tube  was 
observed  at  pressures  ranging  from  atmospheric  dowrn  to  the  hard 
X-ray  stage.  If  lines  belonging  to  any  spectrum  other  than  that 
of  hydrogen  were  observed  at  any  pressure  the  charge  was  dis- 
carded and  the  corona  tube  was  refilled. 

Corona  Tube.  The  results  reported  in  this  paper  were  all  ob- 
tained with  copper  wires  strung  along  the  axis  of  a  cylindrical 
brass  tube. 

The  corona  tubes  were  connected  to  vacuum  pumps,  air  drying 
bottles,  hydrogen  apparatus  and  a  mercury  manometer  by 
means  of  a  small  side  tube  on  each  corona  tube.  One  side  of  the 
mercury  manometer  was  kept  at  zero  pressure.  In  this  way  the 
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manometer  readings  were  made  to  give  the  absolute  pressure  of 
the  gas  and  were  not  affected  by  changes  in  the  barometric 
pressure.  The  ends  of  the  brass  tubes  were  closed  by  means  of 
glass  plates  through  which  holes  had  been  ground.  Metal 
bushings  having  a  small  hole  along  the  axis  were  fitted  into  these 
holes  and  secured  with  red  sealing  wax.  The  glass  plates  were 
fastened  to  the  ends  of  the  tubes  in  such  a  manner  that  the  hole 
through  the  metal  bushing  coincided  with  the  axis  of  the  tube. 

The  wire  on  which  the  corona  discharge  was  to  be  observed 
was  passed  through  these  bushings.  One  end  was  fastened  to  a 
spring  enclosed  in  a  bottomless  glass  bottle  which  was  sealed  to 
the  end  plate  so  as  to  surround  the  bushing.  The  stopper  was 
removed  from  this  bottle  when  a  new  wire  was  being  placed  in 
the  tube.  When  the  wire  was  in  place  the  stopper  was  sealed 
tight  with  half  and  half  wax.*  After  the  wire  had  been  stretched 
tight  the  other  end  was  fastened  in  the  metal  bushing  with  red 
sealing  wax.  In  this  way  the  wire  was  maintained  tight  and 
accurately  centered. 

The  metal  bushings  were  necessary  as  it  was  found  that  with 
hydrogen  a  very  decided  effect  was  produced  on  both  the 
corona  starting  voltage  and  the  volt-ampere  characteristics, 
when  corona  was  allowed  to  form  in  'the  vicinity  of  these  end 
plates.  This  effect  was  due  to  the  breaking  down  of  the  gas 
between  the  glass  and  the  wire  where  the  wire  passed  .through 
the  glass  end  plates,  as  it  was  not  always  possible  completely  to 
fill  this  space  with  wax  and  at  the  same  time  keep  the  wire  within 
the  tube  free  from  the  wax,  which  would  start  a  local  discharge. 

The  wires  used  in  these  investigations  were  carefully  cleaned 
and  straightened  and  then  calipered  with  a  micrometer  caliper 
before  being  placed  in  the  tube.  These  wires  varied  in  diameter 
from  0.12  mm.  to  1.59  mm.  The  larger  part  of  the  data  was 
taken  with  the  wire  in  a  brass  tube  4.45  cm.  in  diameter  but  the 
results  were  checked  with  a  7-cm.  tube  in  order  to  determine 
whether  the  size  of  the  tube  would  affect  the  nature  of  the  phe- 
nomena. No  changes  due  to  the  size  of  the  tube  were  noticeable 
as  far  the  general  character  of  the  results  and  the  critical  the- 
oretical electric  intensity  at  the  surface  of  the  wire  are  concerned. 

*Half  and  half  wax  is  prepared  by  melting  together  approximately 
equal  quantities  of  bees  wax  and  rosin.  The  heat  should  be  applied  by 
means  of  boiling  water. 
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CORONA  IN  HYDROGEN 

Throughout  the  investigation  with  hydrogen  it  was  found  that 
the  breaking  down  of  the  dielectric  and  the  appearance  of  light 
at  the  surface  of  the  wire  were  simultaneous.  The  voltage 
necessary  to  cause  these  phenomena  will  be  called  the  critical 
voltage.  The  intensity  of  the  electric  field  at  the  surface  of  the 
wire,  under  these  conditions,  computed  on  the  assumption  that 
the  field  between  the  wire  and  the  tube  is  completely  determined 
by  the  charges  on  the  wire  and  tube,  will  be  called  the  critical 
intensity.  The  above  assumption  neglects  the  possibility  of 
distortion  of  field  due  to  space  charge  before  the  corona  starts. 

Corona  between  a  positive  wire  and  negative  tube  will  be 
spoken  of  as  positive  corona,  while  corona  between  a  negative 
wire  and  positive  tube  will  be  spoken  of  as  negative  corona. 


Glow  Voltage  as  a  Function  of  the 
Pressure  of  the  Gas  in  the  Tube 
4.45  cm.  Brass  Tube 


FIG.  3 


The  +  and  —  signs  on  the  curve  sheets  refer  to  the  polarity  of 
the  wire. 

In  Fig.  3  are  given  curves  showing  the  variation  of  critical 
voltage  with  gas  pressure  for  air  and  hydrogen  with  two  sizes 
of  wire.  The  curves  for  air  were  taken  from  Farwell's  paper 
(TRANS.  A.  I.  E.  E.,  Vol.  XXXIII,  Part  II,  1914,  p.  1648.). 
The  curves  for  air  and  hydrogen  were  taken  with  tubes  of  the 
same  diameter  and  therefore  may  be  justly  compared.  From  a 
casual  observation  of  these  curves  it  is  apparent  that  the  law  of 
variation  of  critical  voltage  with  pressure  is  essentially  the  same 
in  the  two  cases.  The  curves  for  hydrogen  agree  fairly  well  with 
Peek's  formula  when  this  is  put  in  the  form 


E  =  E0  p  +  C 
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where  E  =  critical  intensity. 

p  —  pressure  in  per  cent  of  atmospheric  pressure. 

EO  and  C=  constants. 

This  shows  that  as  far  as  variation  of  pressure  is  concerned, 
with  a  given  size  of  wire,  the  critical  intensity  for  corona  in 
hydrogen  obeys  Peek's  law. 

The  data  so  far  obtained  do  not  show  conclusively  that  Peek's 
formula 


holds  for  hydrogen  when  the  variation  of  E  with  changes  of  the 
radius  of  the  wire  is  considered.     In  this  formula 

E  =  critical  intensity. 

p    =  pressure  in  per  cent  of  atmospheric  pres- 

sure. 

r    =  radius  of  wire. 
EQ  and  b    =  constants. 

The  general  nature  of  the  results  so  far  obtained  however  seems 
to  indicate  that  this  formula  may  hold. 

From  the  curves  of  Fig.  3  it  may  be  seen  that  there  are  two 
decided  differences  between  the  critical  voltages  for  air  and 
hydrogen. 

1.  With  air  the  positive  critical  voltage  is  lower  than  the 
negative,  while  with  hydrogen  the  negative  critical  voltage  is 
less  than  the  positive.     This  is  true  in  the  case  of  hydrogen  for 
all  sizes  of  wire  and  all  pressures  covered  in  this  investigation. 

2.  For  the  same  size  of  wire  and  the  same  pressure  the  critical 
voltage  in  hydrogen  is  much  lower  than  the  critical  voltage  in 
air. 

Characteristic  Curves.  Characteristic  curves  for  positive  co- 
rona in  hydrogen  for  two  sizes  of  wire  and  various  pressures  are 
given  in  Fig.  4  and  Fig.  5.  These  represent  the  general  form  of 
the  characteristics  for  all  sizes  of  wire  and  all  pressures  covered 
in  these  investigations.  The  most  remarkable  points  about 
these  characteristics  are  :  — 

a.  The  marked  difference  between  the  critical  voltage  and  the 
voltage  at  which  corona  ceases. 

b.  The  difference  between  the  points  taken  with  increasing 
and  those  taken  with  decreasing  current. 
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This  persistence  of  corona  at  voltages  less  than  that  necessary 
to  start  the  discharge  has  not  been  observed  with  air  and  con- 
tinuous potentials.  (See  Bennett  TRANS.  A.  I.  E.  E.,  Vol. 
XXXII,  Part  II,  1913,  p.  1796,  for  alternating  potentials.)  If 
there  is  any  such  difference  for  air  its  magnitude  is  certainly 
very  much  less  than  with  hydrogen. 

This  difference  between  the  critical  voltage  and  the  voltage 
at  which  corona  is  maintained  may  be  explained  by  the  change 
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in  the  electric  intensity  (volts  per  cm.)  at  the  surface  of  the  wire 
after  the  corona  has  been  formed.  This  change  of  intensity  is 
caused  by  the  space  charge  due  to  the  positive  and  negative  ions 
in  the  space  between  the  wire  and  the  tube.  That  such  a  distor- 
tion of  the  electric  field  exists  is  well  known.  The  difference 
between  the  critical  voltage  and  the  voltage  at  which  the  dis- 
charge ceases  is  not  detected  unless  all  sources  of  irregular 
ionization  such  as  rough  spots  on  the  wire,  high  intensity  where 
the  wire  passes  through  the  glass,  etc.,  are  eliminated. 
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The  negative  corona  characteristic  curves  for  a  No.  36  B.  &  S. 
gage  copper  wire,  0.121  mm.  in  diameter,  in  a  brass  tube  the 
inside  diameter  of  which  was  4.45  cm.  are  given  in  Fig.  6.  It 
will  be  noticed  that  the  shape  of  these  characteristics  depends 
on  the  gas  pressure  to  a  very  decided  extent. 

With  this  size  of  wire  corona  seemed  to  start  in  each  case  with 
a  number  of  very  small  bright  points  on  the  wire.  Usually, 
however,  the  negative  corona  started  with  an  unstable  flicker- 
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ing  glow  along  the  wire.  With  an  increase  of  voltage  the  current 
gradually  increased  until  a  point  was  reached  where  the  small 
bright  spots  combined  into  one  negative  bead  of  the  kind  des- 
cribed by  Farwell  (TRANS.  A.I.E.E.,  Vol.  XXXIII,  Part  II,  1914, 
p.  1631.)  This  change  in  formation  was  accompanied  by  a  large 
increase  in  current  and  a  drop  in  the  potential  difference  between 
the  wire  and  the  tube.  This  drop  in  potential  difference  across 
the  tube  was,  in  a  certain  sense,  due  to  the  resistance  in  series 
with  the  corona  tube.  The  increased  current  taken  by  the  tube 
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causes  a  higher  drop  through  the  series  resistance,  which  stabi- 
lizes the  corona  discharge  and  prevents  the  indefinite  increase 
of  current  which  might  result  if  there  were  no  resistance  in  the 
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circuit.  The  gaps  in  the  curves  represent  unstable  conditions. 
An  increase  in  the  generated  voltage  caused  an  increase  in  the 
corona,  current  which  was  accompanied  by  either  an  increase  or 
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a  decrease  of  the  voltage  between  the  wire  and  the  tube  depending 
on  the  size  of  wire  and  the  gas  pressure. 

It  may  be  noticed  that  for  the  lower  pressures  the  corona 
current-voltage  characteristics  are  similar  to  the  usual  arc 
characteristic.  The  discharge,  however,  was  not  the  arc  dis- 
charge. The  arc  formed  if  the  machine  voltage  was  sufficiently 
increased.  This  was  accompanied  by  a  further  drop  in  the 
voltage  between  the  wire  and  tube  and  an  entire  change  in  the 
general  appearance  of  the  discharge. 

Difference  Between  Air  and  Hydrogen.  The  characteristic 
curves  in  Fig.  7  show  clearly  the  difference  between  the  corona 
in  air  and  in  hydrogen.  The  two  curves  on  the  left  hand  side  of 
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the  sheet  refer  to  hydrogen  while  the  curves  on  the  right  were 
obtained  with  air.  The  data  for  these  curves  were  obtained 
with  wires  of  approximately  the  same  diameter.  The  data  for 
corona  in  air  were  taken  from  Farwell's  paper.  These  curves 
show  two  differences  between  air  and  hydrogen.  In  air  the  posi- 
tive corona  starts  at  a  lower  voltage  than  the  negative  while  the 
reverse  is  true  in  case  the  dielectric  is  hydrogen.  The  other  and 
more  important  difference  is  the  entire  dissimilarity  of  the  posi- 
tive and  negative  curves  with  hydrogen.  This  difference  has 
not  been  found  with  air. 

It   must   be  remembered   that,    although   the   characteristic 
curves  for  the  wire  positive  appear  to  be  the  same  for  air  and 
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hydrogen,  there  is  a  decided  difference  even  in  this  case  as,  with 
hydrogen,  the  corona  was  maintained  at  voltages  lower  than 
that  necessary  to  start  the  discharge. 

RECTIFICATION 

After  looking  at  the  above  curves  it  is  at  once  evident  that 
corona  in  hydrogen  between  a  wire  and  a  tube  is  an  effective 
means  of  accomplishing  rectification.  This  is  true  since  large 
currents  may  be  obtained  from  a  negative  wire  with  voltages 
which  will  give  little  or  no  current  from  a  positive  wire.  This 
rectification  may  be  accomplished  with  the  wire  cold  and  is  not 
a  case  of  rectification  by  means  of  a  hot  cathode.  The  principle 
of  electron  emission  from  a  hot  cathode  might  be  used,  however, 
in  connection  with  the  corona  rectification. 

Following  up  the  question  of  rectification  the  corona  tube  was  * 
connected  to  an  alternating  source  of  voltage  as  shown  in  Fig. 
2.  A  sensitive  oscillograph  element  was  connected  directly  in 
series  with  the  corona  tube  and  another  element  was  connected 
across  the  primaries  of  the  transformers.  The  oscillograms 
shown  in  Figs.  8,  9  and  10  were  taken  with  the  connection  as 
shown  in  this  diagram. 

Fig.  8  gives  the  current  and  voltage  curves  when  an  alterna- 
ting voltage  is  impressed  across  a  corona  tube.  The  curve 
having  both  positive  and  negative  lobes  is  the  voltage.  The 
non-symmetrical  character  of  this  curve  is  due  to  the  drop  in  the 
resistance  in  series  with  the  primaries  of  the  transformers.  The 
curve  lying  mainly  below  the  axis  represents  the  current  flowing 
between  the  wire  and  tube.  The  part  of  this  curve  slightly 
above  and  slightly  below  the  axis  is  of  the  same  shape  and  order 
of  magnitude  as  the  charging  current  of  the  condenser  formed 
by  the  wire  and  cylinder.  This  was  determined  by  an  oscillo- 
gram  taken  at  a  voltage  slightly  less  than  that  necessary  to 
form  corona. 

The  voltage  at  which  negative  corona  starts  as  shown  in  this 
oscillogram  is  approximately  twice  the  voltages  across  the  tube 
at  the  instant  that  the  discharge  ceases. 

The  rectification  with  corona  in  hydrogen  is  practically  per- 
fect as  is  shown  by  the  oscillograms  in  Figs.  8  and  9.  Fig.  10 
gives  the  voltage  and  current  with  corona  in  air  at  100  mm. 
pressure.  It  is  of  interest  to  compare  Figs.  8,  9  and  10  with 
those  given  by  Bennett  for  air  at  low  pressures  (TRANS.  A.  I.  E. 
E.,  Vol.  XXXII,  Part  II,  1913,  p.  1787.). 
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The  irregularities  in  the  part  of  the  curve  near  the  zero  line 
seem  to  be  due  to  the  capacity  effect  and  are  in  no  sense  charac- 
teristic of  the  corona  discharge. 

The  whole  question  of  rectification  is  at  present  being  made 
the  subject  of  further  investigation. 

GENERAL  APPEARANCE 

In  general  appearance  the  corona  in  hydrogen  is  similar  to  that 
in  air,  but  upon  critical  examination  it  is  seen  that  there  are 
many  points  of  difference.  Some  of  these  similarities  and  dif- 
ferences are  shown  in  Fig.  11. 

With  the  wire  positive  and  sizes  of  wire  smaller  than  No.  26 
B.  &  S.  (0.405  mm.  diam.)  the  wire  was  surrounded  by  a  thin 
luminous  layer  which  was  essentially  uniform.  This  is  shown  in 
Fig.  11.  As  the  size  of  the  wire  was  increased  this  glow  became 
more  and  more  irregular.  At  first  there  were  spots  somewhat 
brighter  than  others.  For  a  wire  as  large  as  No.  10  B.  &  S. 
(2.59  mm.  diam.)  the  discharge  took  the  form  of  a  large  number  of 
brushes  similar  to  the  point  discharge  in  air.  These  brushes 
were  closely  spaced  along  the  length  of  the  wire  with  a  fairly 
uniform  glow  between  them.  It  was  impossible  to  obtain  a 
satisfactory  photograph  of  this.  This  discharge  was  blue  in 
color.  If  the  voltage  was  increased  to  a  high  value  a  brilliant 
red  spark  passed  between  the  wire  and  tube.  This  was  fol- 
lowed by  a  pale  blue  arc  having  incandescent  blue  spots  at  both 
ends. 

The  typical  form  of  discharge  with  the  wire  negative  is  also 
shown  in  Fig.  11.  It  is  seen  that  the  discharge  consisted  of 
bright  beads  on  the  wire.  As  the  potential  was  continuously 
increased,  the,  first  evidence  of  a  breakdown  of  the  gas  was  the 
appearance  of  an  intermittent  flickering  glow.  In  every  case  the 
first  noticeable  current  and  visible  corona  occurred  simultane- 
ously. If  bright  spots  were  formed  on  the  surface  these  in- 
creased in  number  and  the  current  gradually  increased  until  a 
stage  was  reached  where  the  small  bright  spots  collapsed  into 
one  brilliant  bead.  This  change  was  accompanied  by  a  rapid 
increase  of  current  and  a  drop  in  the  voltage  across  the  tube. 
(See  Fig.  6.)  A  further  increase  in  voltage  caused  more  small 
bright  spots  to  form  and  also  caused  an  increase  in  the  brilliancy 
of  the  beads.  The  bright  spots  collapsed  into  another  bead  and 
in  this  manner  the  number  of  beads  and  the  current  increased 
as  the  generator  voltage  was  made  larger.  If  the  generator 
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voltage  was  now  decreased  the  behavior  of  the  corona  was  some- 
what different.  Suppose  that  there  were  nine  beads  on  the 
wire.  These  beads  persisted  and  became  less  and  less  brilliant 
until  they  finally  collapsed  into  one  or  two  beads.  Thus  it  is 
seen  that  with  increasing  voltage  the  beads  appear  one  after 
another,  while  with  decreasing  voltage  they  will  continue  until 
several  disappear  at  one  time,  thus  concentrating  the  current  in 
a  smaller  number  of  more  brilliant  beads. 

With  the  wire  negative  there  was  no  evidence  of  a  uniform 
glow  for  any  size  of  wire  or  any  pressure  covered  in  this  investi- 
gation unless  an  arc  was  in  series  with  the  tube.  This  is  not 
true  with  air. 

Opposite  to  each  bead  for  practically  all  pressures  and  all 
sizes  of  wire  used  in  these  experiments  there  were  a  number  of 
bright  spots  on  the  tube.  The  number  of  spots  varied  from  ten 
or  twelve  up  to  a  hundred  or  more  depending  upon  the  current 
flowing  from  the  bead.  If  there  were  only  a  few  spots  they 
would  be  bunched  together,  but  when  the  current  was  large  the, 
spots  formed  a  band  with  a  width  of  approximately  one  centi- 
meter completely  surrounding  the  tube.  These  spots  varied  in 
color  from  pale  yellow  to  milky  blue,  depending  on  the  pressure, 
current  and  size  of  wire.  With  low  pressures  and  large  currents 
these  spots  appeared  as  brilliant  green  fans  with  yellow  spots 
where  they  touched  the  tube.  The  effect  was  then  truly  beauti- 
ful. This  green  color  may  be  due  to  the  brass  tube,  and  thus 
may  not  be  characteristic  of  hydrogen.  The  presence  of  these 
spots  seems  to  indicate  an  ionizing  gradient  at  the  surface  of  the 
tube. 

With  an  alternating  voltage  impressed  across  the  tube  the 
corona  may  take  the  form  shown  in  Fig.  11.  In  the  illustration 
for  436  mm.  this  is  essentially  the  same  as  the  negative  corona, 
since  the  conditions  under  which  this  picture  was  taken  were 
such  that  there  was  perfect  rectification  and  no  positive  corona 
was  present.  If  any  positive  corona  was  present  it  would  be  made 
evident  by  a  uniform  glow  between  the  negative  beads.  The 
corona  in  air  with  alternating  voltage  is  also  shown  in  Fig.  11. 
The  difference  is  at  once  apparent.  If  the  alternating  voltage 
on  the  hydrogen  filled  tube  is  increased  sufficiently  positive 
corona  will  form  and  finally  the  positive  arc  will  follow.  The 
arcing  during  the  half  cycle  when  the  wire  is  positive  can  be 
determined  immediately,  both  by  the  fact  that  the  red  positive 
spark  is  easily  visible  shooting  across  the  blue  corona  and  negative 
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discharge,  and  also  by  the  fact  that  the  rectification  is  much  less 
perfect. 

The  predominating  color  of  the  various  discharges  through 
hydrogen  was  blue,  ranging  from  a  light  silver  blue  to  sky 
blue.  The  one  marked  exception  to  this  was  the  brilliant  red 
of  the  disruptive  discharge  from  a  positive  wire.  This  brilliant 
red  spark  was  followed  by  a  pale  blue  arc. 

When  a  continuous  voltage  was  impressed  on  the  tube  and  a 
short  arc  (1mm.  or  less)  was  introduced  into  the  circuit  the  fol- 
lowing changes  in  the  character  of  the  discharge  were  observed. 

With  a  No.  26  B.  &  S.  gage  (0.405  mm.  diam.)  wire  in  the  tube 
and  the  wire  positive,  the  introduction  of  a  short  arc  caused  the 
uniform  glow  to  break  up  into  straight  blue  streamers  extending 
from  the  wire  to  the  tube  with  brilliant  light  blue  spots  at  each 
end.  This  discharge  resembled  a  radial  shower  of  blue  light. 
Lengthening  the  arc  caused  the  streamers  to  disappear  and  the 
entire  tube  was  filled  with  a  blue  glow.  With  a  No.  36  B.  &  S. 
gage  (0.121  mm.  diam.)  wire,  the  radial  streamers  did  not  appear 
when  the  arc  was  introduced  in  the  circuit,  but  the  tube  was 
filled  with  a  blue  glow. 

With  the  wire  negative  the  introduction  of  an  arc  in  series 
with  the  tube  caused  very  little  change  in  the  appearance  of  the 
corona  at  the  surface  of  the  wire,  but  caused  a  disappearance  of 
the  bright  spots  on  the  surface  of  the  tube. 

With  the  wire  negative  and  hydrogen  in  the  space  between  the 
wire  and  the  cylinder  an  increase  in  the  gas  pressure  as  great 
as  3  cm.  of  mercury  has  been  observed  on  closing  the  circuit. 
This  pressure  increase  was  due  to  ionization  of  the  gas  and  not 
to  increased  temperature  as  it  immediately  disappeared  when 
the  current  was  shut  off. 

CONCLUSIONS 

1 .  The  critical  intensity  for  corona  in  hydrogen  follows  Peek's 
law  fairly  closely  as  far  as  changes  due  to  variations  in  the  gas 
pressure  are  concerned. 

2.  The  variation  of  the  critical  intensity  with  the  radius  of  the 
wire  is  not  as  yet  conclusively  proved  either  to  follow  or  not  to 
follow  Peek's  law  but  the  general  character  of  the  results  so  far 
obtained  seem  to  indicate  that  the  law  may  hold. 

3.  Hydrogen  is  different  from  air  in  that  corona  is  maintained 
at  voltages  considerably  lower  than  the  critical  voltage  while 
this  has  not  been  found  to  be  the  case  with  air. 
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4.  The  characteristic  curves  with  the  wire  positive  in  hydrogen 
differ  from  those  with  air  in  that  the  voltage  necessary  to  main- 
tain a  given  current  depends  on  whether  that  value  of  current 
has  been  approached  by  increasing  or  decreasing  the  machine 
voltage. 

5.  The  characteristic  for  the  wire  negative  in  hydrogen  is 
entirely  different  from  the  characteristic  obtained  with  a  negative 
wire  in  air. 

6.  Complete  rectification  for  alternating  current  is  obtained 
between   concentric   cylinders   when   the   intervening   space   is 
filled  with  hydrogen  and  an  alternating  potential  difference  suf- 
ficiently high  to  produce  negative  corona  is  impressed  between 
the  cylinders. 

7.  This  rectification  continues  after  the  negative  arc  has  been 
established,   under  the   proper  conditions   of  pressure,   size  of 
wire  and  size  of  tube.       Direct  currents  as  high  as  0.12  ampere 
have  been  obtained  with  alternating  voltages  of  approximately 
8000  volts. 

The  investigations  outlined  in  this  paper  were  carried  out  in 
the  Laboratory  of  Physics  at  the  University  of  Illinois  under  the 
direction  of  Dr.  Jacob  Kunz,  Associate  Professor  of  Physics. 
To  him,  to  Professor  E.  B.  Paine  of  the  Department  of  Electrical 
Engineering  and  to  Professor  A.  P.  Carman  of  the  Department 
of  Physics  the  authors  wish  to  acknowledge  their  indebtedness 
for  suggestions  and  aid  which  made  this  work  possible. 
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THE  LAW  OF  PHOTO-ELECTRIC  PHOTOMETRY 
BY  JAKOB  KUNZ 

In  the  field  of  present  photo-electric  investigations  four  main 
groups  may  be  distinguished.  The  first  group  is  concerned  with  the 
fundamental  problem  of  the. velocity  of  electrons  emitted,  and  the 
frequency  of  the  incident  light.  After  a  long  series  of  experiments 
of  gradually  increasing  accuracy  the  equation  \mif—'hn—P0  has 
finally  been  established  by  the  measurements  of  R.  A.  Millikan.  The 
second  problem  is  that  of  the  relation  between  the  number  of  elec- 
trons emitted  and  the  intensity  of  the  incident  light.  Other  prob- 
lems arise  in  connection  with  the  so-called  normal  and  selective 
effects,  and  with  the  influence  of  gases.  The  present  investigation 
deals  with  the  second  problem.  Several  physicists  have  attacked 
this  question  with  widely  discordant  results  or  conclusions.  Lenard, 
Elster  and  Geitel,  and  Richtmyer  concluded  that  a  linear  relation 
exists  between  the  photo-electric  current  and  the  intensity  of  light. 
Griffith  and  H.  E.  Ives,  on  the  other  hand,  do  not  find  a  linear 
relation.  Ives  especially1  gives  a  large  variety  of  curves  and 
suggests  a  cell  which  will  yield  a  straight  line,  without  giving  data 
for  this  statement. 

1  Astro ^physical  Journal,  39,  428,  1914;  43,  9,  1916. 
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A  closer  investigation  of  the  literature,  however,  shows  that 
there  is  very  little  if  any  evidence  in  favor  of  the  simple,  straight- 
line  relation.  Ives  has  already  remarked  that  Lenard  was  not 
justified  in  his  conclusion,  as  his  figures  really  show  a  current 
increasing  more  rapidly  than  the  illumination.  Richtmyer  also 
concluded  from  his  data  that  the  action  of  light  is  strictly  propor- 
tional to  the  light-intensity  over  very  wide  ranges.  If  I  divide, 
however,  the  relative  light-intensities  /  by  the  deflections  d,  then 
the  ratio  I/d  varies  widely,  as  will  be  seen  from  Table  I. 

TABLE  I 


/ 

d 

I/d 

I 

i 

I/i 

O.OIOO 

0.318 

314 

19.0 

5-9 

322 

0.0236 

0.646 

370 

30.0 

8.7 

345 

o  .  0400 

1.033 

389 

45-0 

I2-5 

360 

0.0625 

1-573 

398 

63.0 

16.4 

385 

0.0816 

2.055 

397 

84.0 

22.6 

372 

O.  Ill 

2.682 

414 

118.0 

31-4 

376 

0.131 

3-20 

409 

i55-o 

38.8 

398 

0.160 

3-93 

407 

2IO.O 

52.6 

400 

0.197 

4.80 

410 

304.0 

79-5 

383 

0.297 

7-Si 

396 

375-0 

97-5 

385 

0.387 

9-79 

396 

475-o 

123.0 

386 

0.760 

18.53 

411 

620.0 

160.0 

387 

The  ratios  I/i  and  I/d  vary  so  much  that  the  conclusion  seems 
hardly  justified  that  the  photo-electric  current  is  proportional  to 
the  intensity  of  illumination.  Richtmyer  has  given  further  evi- 
dence in  favor  of  his  conclusion  with  experiments  involving  a 
photo-electric  cell  itself  as  a  resistance.  I  have  repeated  these 
measurements  with  the  same  result,  using  cells,  however,  which 
dp  not  give  a  straight-line  relation  when  tested  with  different 
methods.  Elster  and  Geitel  have  made  photometric  measurements 
also  over  a  very  wide  range  of  intensities,  using  the  polarization  of 
light  by  a  Nicol  prism  for  the  variation  of  the  illumination.  They 
also  conclude  that  there  is  a  linear  relation  between  the  two  vari- 
ables. In  each  set  of  experiments,  however,  they  vary  the  inten- 
sity only  in  the  ratio  of  i  to  4,  by  means  of  the  angles  30°,  45°,  60°, 
90°,  the  deviations  from  the  straight  line  varying  only  between  o .  i 
and  3  per  cent.  I  was  able  to  test  an  Elster  and  Geitel  cell  over 
a  wider  range  of  intensities,  keeping  the  potential-difference  con- 
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stant.  Table  II  contains  the  results,  d  being  the  corrected  deflec- 
tions of  the  electrometer  needle,  /  the  relative  intensity,  I/d 
their  ratio,  which  ought  to  be  constant. 


TABLE  II 


d 

/ 

I/d 

I 

7 

I/d 

2.0 

4 

200 

H5-3 

I78 

155 

4-55 

9 

IQS 

152.6 

224 

147 

8.1 

16 

I98 

208.4 

294 

141 

19-35 

36 

186 

261.5 

352 

135 

58.25 

IOO 

162 

90.25 

144 

1  60 

310-85 

400 

130 

The  source  of  light  was  a  tungsten  lamp  of  42  candles,  which  was 
moved  over  an  interval  between  30  and  300  cm  from  the  sensitive 
surface.  If  the  relative  intensity  of  illumination  varies  from  4  to 
16,  then  the  ratio  I/d  varies,  indeed,  only  i  per  cent,  but  if  the 
intensity  varies  more,  then  the  deviations  from  the  straight  line 
become  conspicuous.  Similar  tests  on  other  cells  show  clearly 
that  the  statements  made  by  Ives  are  justified.  Ives  suggested, 
in  his  last  contribution  made  in  this  journal,  a  cell  which  would 
give  a  straight  line.  Such  a  cell  has  been  constructed  according  to 
the  specifications  given  by  Ives.  Table  III  does  show  a  very  nearly 
constant  ratio  between  the  light-intensity  and  the  photo-electric 

current. 

TABLE  III 


d 

I 

I/d 

d 

/ 

I/d 

3-45 

4 

116.0 

128.1 

144 

112.5 

8.0 

9 

112.5 

159-4 

178 

112.  O 

14.1 

16 

114.0 

202.  6 

224 

in.  6 

31-6 

36 

114.0 

257.6 

294 

114.0 

86.4 

IOO 

116.0 

306.7 

352 

1  14  -5 

This  cell  indeed  satisfies  very  nearly  the  theoretical  requirements 
of  photometry.  However,  the  light-intensities  which  act  on  the 
sensitive  potassium  surface  are  comparatively  small  and  other 
cells  of  the  older  type  also  give  a  nearly  linear  relation  for  smaller 
light-intensities.  A  milk  glass  has  almost  necessarily  to  be  used 
in  connection  with  this  cell,  and  thereby  the  intensities  acting  on 
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the  surface  are  rather  small.  The  electrostatic  field  in  this  cell  is 
not  uniformly  radial,  because  it  is  well-nigh  impossible  to  distil 
the  alkali  metal  away  from  the  glass  stem  which  carries  the  central 
bulb  covered  with  the  potassium.  This  potassium  cell  contained 
argon.  With  the  exception  of  this  cell  of  Ives,  it  seems  to  me  that 
there  is  no  satisfactory  evidence  in  favor  of  the  single  law  of  direct 
proportionality  between  the  intensity  of  illumination  and  the 
photo-electric  current.  This  situation  gave  rise  to  the  following 
investigation. 

During  our  study  of  the  best  conditions  of  the  sensitiveness  of 
photo-electric  cells  for  the  use  of  stellar  photometry,  Professor 
J.  Stebbins  and  I  found  that  in  order  to  eliminate  the  dark  current 
it  was  necessary  to  cover  the  larger  part  of  the  photo-electric  cell 
with  alkali  metal,  leaving  only  a  small  hole  free  for  the  entrance 
of  light,  and  to  use,  not  a  single  ring  electrode,  but  a  ring  electrode 
with  fine  wires  crossing  each  other  and  forming  a  wire  net.  By 
this  means  there  is  established  a  more  or  less  uniform  field  between 
the  sensitive  surface  and  the  anode,  and  only  few  electrons  will  pass 
through  it  and  accumulate  on  the  opposite  glass  surface  where  the 
light  enters.  A  description  of  the  construction  of  these  cells  has 
been  given  in  the  Physical  Review,  7,  62,  1916. 

The  preliminary  experiments  have  been  made  with  these  cells; 
their  diameter  is  3 .  2  cm,  the  anode  loop  2  cm  in  diameter,  and  the 
opening  for  the  beam  of  light  1.5  cm.  The  cells  contained  alkali 
metals,  partly  sensitized  and  evacuated,  partly  sensitized  and 
filled  with  argon. 

In  the  first  set  of  experiments  a  galvanometer  of  high  sensi- 
tiveness 2.4-io~10  was  used  for  the  measurement  of  the  current, 
a  constant  potential  was  applied  to  the  cell  varying  between  4  and 
120  volts,  the  intensity  of  illumination  was  changed  by  moving 
a  tungsten  lamp,  nearly  a  point-source,  on  a  photometer  bench. 
Some  of  the  curves  obtained  are  given  in  Fig.  i,  which  shows  the 
deviations  from  straight  lines  for  different  conditions.  It  was  soon 
observed  that  the,  curves  approached  a  straight  line  when  the 
source  of  light  was  rather  weak,  6.5  candles  for  instance,  and  when 
the  cross-section  of  the  entering  beam  of  light  was  sufficiently 
decreased,  In  the  last  case,  even  when  a  tungsten  lamp  of  388 
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candles  was  moved  from  300  to  40  cm  away  from  the  sensitive 
surface,  and  with  an  opening  of  7  mm,  I  found  a  straight  line  on 


400 


400 


plotting  the  data  obtained;  but  calculating  the  ratio  of  illumination 
to  the  current  I  found  a  small  variation  in  that  ratio,  as  will  be  seen 

from  Table  IV. 

TABLE  IV 


d 

7 

I/d 

d 

/ 

I/d 

5-05 

II.  I 

22O 

68.6 

156.  2 

228 

11.25 

25.0 

222 

89.5 

204.O 

228 

20.  i 

44-5 

222 

122.3 

278.0 

227 

44-2 

IOO.O 

226 

175-6 

4OO.O 

228 

These  data  were  obtained  by  means  of  an  evacuated  potassium 
cell  without  the  treatment  with  hydrogen,  under  the  influence  of 
strong  light.  This  result  pointed  strongly  toward  the  final  result  of  a 
straight  line,  especially  because  it  was  found  later  that  cells  partly 
filled  with  argon  or  helium  give  more  satisfactory  results  than  those 
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without  the  inert  gas.  The  results  obtained  are  independent  of 
the  alkali  metal;  sodium,  potassium,  and  rubidium  under  other- 
wise the  same  conditions  gave  exactly  the  same  results.  In  curve 
4  of  Fig.  i,  215  volts  indicate  that  the  potential-difference  between 
the  electrodes  of  the  cell  and  the  current  through  the  tungsten  lamp 
are  kept  constant.  As  long  as  the  galvanometer  was  used,  rather 
high  light-intensities  were  required  in  order  to  get  a  sufficient 
current.  In  the  next  set  of  measurements  the  current  was  meas- 
ured by  means  of  an  electrometer  and  a  high  graphite  resistance, 
as  recommended  by  Ives.  These  resistances  are  very  satisfactory 
when  properly  treated  and  kept  in  a  dry  atmosphere.  They  can 
be  changed  readily  from  io7  to  10"  ohms.  They  are  constant  as 
long  as  the  potential-difference  applied  is  less  than  i  volt,  but 
when  the  tension  increases,  deviations  from  Ohm's  law  will  be 
observed.  The  openings  for  the  beam  of  light  were  0.5  cm  in 
diameter.  Some  of  the  results  are  represented  by  Fig.  2,  which 
seems  to  consist  of  a  series  of  straight  lines.  But  it  was  observed 
in  these  series  that  the  last  point  for  the  highest  intensity  was  a 
little  too  high  without  exception,  while  one  should  have  expected 
that  point  to  be  a  little  too  low,  because  the  potential-difference 
between  the  electrodes  of  the  cell  must  have  been  decreased  some- 
times as  much  as  0.7  per  cent,  but  usually  less.  Table  V  shows 
the  data,  which  are  represented  by  curves  i  and  5  of  Fig.  2. 

TABLE  V 


d 

7 

I/d 

d 

/ 

I/d 

7-15 

II.  I 

155 

5-55 

ii  .  i 

200 

15-9 

25.0 

157 

12.4 

25.0 

202 

28.5 

44-5 

156 

22.05 

44-5 

202 

63-6 

IOO.O 

157 

50.65 

IOO.O 

I98 

98.6 

156.  2 

158 

80.15 

156.2 

194 

128.2 

2O4.O 

159 

105.  i 

204.0 

195 

175-7 

278.0 

158 

i45-o 

278.0 

192 

212.  O 

331-0 

157 

173-8 

331-0 

191 

262.  2 

4OO.O 

154 

213-3 

400.0 

I9O 

Though  the  curves  are  nearly  straight,  there  is  a  slight  variation 
in  I/d  in  these  experiments,  always  in  the  same  sense,  namely, 
that  with  increasing  intensity  /,  the  current  d  becomes  too  large. 
It  will  be  seen  in  addition  that  as  long  as  the  intensity  of  illumi- 
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nation  varies  only  from  n  to  100  the  current  remains  within  i  per 
cent  proportional  to  the  illumination.  Now,  in  stellar  photom- 
etry, the  brightness  of  the  stars  varies  hardly  more  than  10  per 
cent,  and  the  illumination  remains  10,000  to  100,000  times  smaller 
than  in  these  experiments,  and  it  has  always  been  found  that  the 
current  becomes  more  nearly  proportional  to  the  intensity  as  the 
light  decreases.  Hence  these  cells  in  the  form  prescribed  are 


400 


400 


sufficiently  accurate  for  stellar  photometry  and  for  many  other 
purposes;  for  instance,  in  plant  physiology.  On  the  other  hand, 
if  these  cells  are  used  for  wider  variations  of  the  illumination  a 
calibration  is  to  be  recommended.  So,  for  instance,  J.  B.  Nathan- 
son,  in  the  reflecting  power  of  the  alkali  metal,1  took  the  deviation 
from  the  straight-line  relation  into  account.  The  intensity  has  been 
varied  from  n .  i  to  400,  or  from  from  i  to  36.  To  the  potassium- 
hydrogen-argon  cell,  120  volts  were  applied;  the  tungsten  lamp 

1  Astrophysical  Journal,  44,  137,  1916. 
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moving  between  50  and  300  cm  from  the  sensitive  surface  had  a 
brightness  of  40  candles  in  curves  i  and  2  of  Fig.  2;  83  candles 
in  curves  5  and  6;  of  o.  06  in  curve  4,  and  of  i .  02  candles  in  curve  3. 


400 


200 


200 

Intensity 
FIG.  3 

TABLE  VI 


300 


400 


d 

7 

I/d 

•  d 

/ 

I/d 

9.0 

12.8 

142 

9-63 

12.8 

134 

34-5 

48.8 

141 

35-2 

46.8 

133 

70.9 

101.3 

142 

75-2 

IOO.O 

J34 

106.5 

I5I-5 

142 

112.  8 

152.0 

136 

139.6 

200.  o 

144 

147-7 

2OO.O 

136 

186.6 

268.0 

144 

196.6 

269.0 

137 

251.8 

360.0 

144 

244.0 

336.0 

138 

276.7 

397-o 

144 

264.0 

362.0 

138 

289.2 

400.0 

138 

The  light-intensity  was  also  varied  by  means  of  the  polar- 
ization by  two  Nicol  prisms  and  by  means  of  the  rotating  sector 
disk.  Some  of  the  corrected  data  are  given  in  Fig.  3  and  in  Table 
VI,  curves  i  and  2  corresponding  to  the  variation  of  light  by  means 
of  Nicol  prisms,  curves  3  and  4  to  the  variation  by  revolving  sector 


THE  LAW  OF  PHOTO-ELECTRIC  PHOTOMETRY 


77 


disks.  The  points  of  curve  4  marked  with  crosses  were  obtained 
by  the  motion  of  the  source,  the  points  marked  with  circles,  by 
means  of  the  rotating  sector  disk.  The  two  curves,  respectively 


FIGS.  4  AND  40 

straight  lines,  coincide  exactly.  This  fact  can  be  stated  in  the  form: 
Talbot's  law  holds  for  the  photo-electric  cell.  The  ratio  between  the 
illumination  and  the  current  deviates  again  slightly  from  the  con- 
stant value  for  the  higher  intensities,  as  will  be  seen  from  Table  VI, 
which  corresponds  to  curves  i  and  3  of  Fig.  3. 
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Instead  of  a  graphite  resistance,  an  electrolytic  resistance  of 
dilute  cadmium  sulphate  and  cadmium-electrode,  and,  finally, 
a  photo-electric  cell  itself,  were  used  as  a  resistance.  In  the  latter 
case,  the  arrangement  of  the  experiment  is  given  by  Fig.  4.  The 
photo-electric  cell  Ph2,  illuminated  by  the  source  S2,  serves  as  resist- 
ance; k  represents  a  key;  the  source  &  was  given  various  distances 
from  the  photo-electric  photometer.  Over  a  short  interval  of  inten- 
sities the  required  relation  is  a  straight  line,  as  indicated  by  curve 


TOO  2OO  300  400 

Intensity 
FIG.  5 

5  of  Fig.  3.  This  system  is  exceedingly  sensitive  to  small  variations 
of  illuminations,  but  on  this  account  it  requires  great  care;  there 
is  probably  no  other  photometer  so  sensitive  as  is  this  system. 

Two  other  methods  have  been  used  for  the  measurement  of  the 
current,  namely,  that  of  the  accumulated  charge  and  that  of  the 
rate  of  drift  of  the  electrometer  thread.  The  results  coincide  with 
those  obtained  by  means  of  the  resistances.  Some  of  the  data 
are  plotted  in  curves  i,  2,  and  3  of  Fig.  5.  Curves  i  and  3  refer 
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to  the  accumulated  charge,  and  2  to  the  drift.  In  these  data  a 
slight  deviation  from  the  straight  line  can  still  be  observed.  The 
method  of  accumulated  charge  is  very  convenient;  if  the  leakage 
is  well  eliminated,  then  the  photo-electric  cell  has  the  same  accumu- 
lating properties  as  the  photographic  plate.  The  results  obtained 
with  this  method  show  that  the  quantity  of  electricity  generated 
is  directly  proportional  to  the  quantity  of  incident  light;  this  latter 
is  proportional  to  the  quantity  of  light  absorbed,  and  therefore  the 
quantity  of  electricity  evolved  is  proportional  to  the  quantity  of 
light  absorbed,  a  photo-electric  law  analogous  to  the  electro- 
chemical law  of  Faraday. 

For  the  method  of  the  rate  of  drift  the  quadrant  electrometer 
was  replaced  by  a  string  electrometer  of  high  sensitiveness,  in  order 
to  eliminate  the  inertia  of  the  needle.  In  Fig.  40  let  C  represent 
the  capacity  of  the  photo-electric  cell,  E  the  string  electrometer 
and  the  connecting  wires.  We  shall  choose  the  following  initial 

conditions  : 

for  t  =  o:    v  =  o;    i=o 

.  at    /  =  /:     V=V;    i=i 


Where  7?x  is  the  resistance  of  the  system,  essentially  the  resistance 
of  the  photo-electric  cell,  V  the  potential  of  the  string  in  the 
moment  /,  i  the  current. 

The  solution  is  as  follows: 


For  small  values  of  /,  we  have: 


thus  the  potential  of  the  string  rises  proportional  to  the  time  for 
small  values  of  /  and  large  values  of  C  and  Rlm     In  order  to  get 
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a  uniform  motion  of  the  string  across  the  field  of  the  microscope, 
one  should  choose  large  capacities  and  large  resistances;  however, 
if  these  quantities  are  large  the  sensitiveness  decreases,  because 
the  current 


t  \_ 


becomes  small. 

We  might  also  attempt  the  following  arrangement:  Let  us 
attach  another  high  resistance  R2  (for  instance,  another  photo- 
electric cell)  in  the  point  P  connected  to  the  ground.  The  current 
i  from  the  photo-electric  cell  splits  into  two  parts,  it  and  i2,  i2  being 
the  charging  current  of  the  string  between  the  knife-edges.  We 
should  find  the  following  relations: 

at  t=o,  we  shall  assume  F=o;    i=o 
2itt=t  F=F;   i=i 

F  dq    rdV 


dt 


R<+R>{\ 
v_      ii  —CR^\. 

-1  e 


finally  we  get 


The  first  arrangement,  especially,  is  much  used  in  stellar  photom- 
etry by  J.  Stebbins  and  other  astronomers. 

Reviewing  the  results  so  far  reported,  we  see  that  the  curves 
obtained  with  the  galvanometer  show  a  tendency  toward  saturation ; 
that  is,  the  current  increases  more  slowly  than  the  illumination. 
The  curves  obtained  with  the  electrometer  show  a  slight  deviation 
from  the  straight  line  in  the  opposite  direction.  In  these  measure- 
ments smaller  intensities  and  a  smaller  opening  for  the  beam  of 
light  have  been  used  than  in  the  previous  experiments.  The 


THE  LAW  OF  PHOTO-ELECTRIC  PHOTOMETRY  81 

former  effect,  occurring  with  higher  intensities  of  illumination, 
may  be  explained  by  negative  charges  being  accumulated  on  the 
free  glass  surface;  by  volume  charges  between  the  anode  and  the 
glass  wall  of  the  cell,  and,  perhaps,  by  reflection  of  electrons.  The 
opposite  effect,  where  the  current  increases  a  little  more  quickly 
than  the  illumination,  is  not  so  easily  explained,  provided  one 
assumes  a  linear  relation  for  the  primary  phenomenon.  Of  course, 
surface  charges  and  reflection  of  electrons  might  bring  about  very 
complicated  effects. 


Before  entering  upon  the  final  arrangement  of  the  experiment 
it  is  useful  to  study  the  characteristic  curves  of  the  cells,  that 
is,  the  connection  between  the  current  and  the  varying  potential- 
difference  applied  for  a  constant  illumination.  A  very  large  num- 
ber of  such  curves  have  been  plotted.  They  show  always  the  same 
characteristic  features  as  will  be  seen  from  Fig.  6.  The  illumina- 
tion is  that  of  2  candles  at  a  distance  of  50  cm.  The  curves  i  and 
3  correspond  to  rubidium  cells  of  the  type  so  far  used,  filled  at  first 
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with  hydrogen.  After  the  formation  the  hydrogen  was  pumped  out 
and  replaced  by  argon.  Then  the  curves  2  instead  of  i,  and  4 
instead  of  3,  are  obtained.  Argon  in  each  case  raises  the  sensi- 
tiveness and  decreases  the  critical  value  of  the  potential,  at  which 
the  glow  sets  in.  The  curves  5  and  6  correspond  to  a  potassium- 
argon  cell  of  the  same  type,  but  of  larger  size,  5 . 8  cm  in  diameter. 
Curve  9  represents  a  quartz  cell  of  the  same  type,  in  which  the 
dark  current  is  vanishingly  small,  even  in  comparison  with  the 
small  currents  which  occur  in  stellar  photometry.  Curve  7  is 
obtained  by  means  of  the  Ives  cell,  which  gave  a  straight  line; 
and  curve  8  is  the  characteristic  curve  of  the  very  sensitive  cell 
which  was  used  for  the  final  measurements.  In  this  case  the  curve 
was  nearly  straight. 

All  of  these  cells  show  practically  the  same  features,  yet  they 
are  of  very  different  value  for  accurate  photometric  measurements. 
When  the  illumination  changes  over  a  wide  interval,  the  potential- 
difference  across  the  cell  has  to  be  kept  constant.  Now,  it  is  very 
easy  to  keep  the  tension  constant  if  the  characteristic  curve  is 
nearly  horizontal,  but  very  hard  if  the  slope  becomes  considerable. 
At  the  same  time  high  sensitiveness  is  desirable  in  order  to  work 
with  as  small  potential-difference  as  possible.  For  these  reasons 
the  cell  of  curve  5  satisfies  the  theoretical  requirements  better  than 
the  other  curves.  The  Ives  cell  has  a  rather  extreme  character- 
istic curve.  Not  more  than  100  volts  could  safely  be  applied. 
When  the  cells  are  newly  formed  and  sealed  off,  the  color  of  the 
sensitive  layer  changes  more  or  less,  and  the  sensitiveness  falls 
off  a  little,  but  in  the  course  of  time  the  cells  become  constant  and 
have  been  in  use  over  six  months  without  a  noticeable  change. 

For  the  final  measurements  it  seemed  necessary  to  use  a  tube 
in  which  the  electrons  move  in  a  uniform  field,  and  where  absorbed 
surface  and  volume  charges  are  mostly  eliminated.  The  tube  is. 
of  the  form  indicated  in  Fig.  7.  The  cathode  K  and  the  anode  A 
consist  of  aluminum  disks  6  cm  in  diameter;  the  anode  has  a 
central  opening  for  the  beam  of  light,  covered  with  a  very  fine  wire 
net.  The  cathode  K  can  be  moved  toward  the  anode  by  means 
of  a  magnet  acting  on  a  piece  of  iron  within  the  tube.  The  cathode 
remains  always  parallel  to  the  anode,  being  guided  by  a  glass  tube 
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which  fits  exactly  in  the  outer  tube.  Platinum  cylinders  B  pro- 
tect the  anode,  which  is  connected  with  the  electrometer,  from 
dark  currents.  The  alkali  metal  is  distilled  on  the  cathode  from 
a  side  tube  S;  the  whole  tube  is  at  first  heated  and  evacuated 
by  the  aid  of  a  mercury  pump,  liquid  air,  and  charcoal. 

Fig.  8  represents  the  final 
arrangement  of  the  apparatus. 
Two  electrometers  are  used:  E 
for  the  measurement  of  the 
potential-difference  &p  between 
the  terminals  of  the  graphite  s 
or  cadmium  sulphate  resistance; 
the  other  electrometer  E2  only 
indicates  the  constancy  of  the 
electromotive  force  between  the 
cathode  and  the  anode  of  the 
photo-electric  tube  for  all  illumi- 
nations. When  the  current 
through  the  cell  and  the 
graphite  resistance  increases,  the 
potential-difference  applied 
partly  appears  at  the  terminals 
of  the  resistance  and  decreases, 
therefore,  through  the  photo- 
electric cell.  This  change 
amounted  to  i  volt  for  120  volts, 
and  was  compensated  by  means 
of  an  additional  storage  cell  and 
a  variable  resistance  Rx.  This 
compensation  was  carried  out 
for  each  reading.  When  the  reading  was  taken,  the  electrometer  E2 
was  disconnected  from  the  rest  by  means  of  the  key  k.  The  current 
through  the  light  source  L  was  kept  as  constant  as  possible.  L  was  a 
tungsten  lamp  with  a  short  straight  filament.  The  intensity  could 
be  varied  from  o.  i  to  no  candles.  The  distance  between  the  source 
and  the  sensitive  cathode  was  chosen  between  30  and  300  cm, 
giving  for  each  experiment  a  variation  of  illumination  from  i  to  100. 


FIG.  7 
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The  graphite  resistance  was  occasionally  replaced  by  the  cadmium- 
sulphate  resistance  Cd.  The  solution  was  i/iooo  normal,  the 
electrodes  were  cadmium.  The  capillary  ended  in  two  long  tubes, 
one  of  which  was  filled  with  the  solution  while  the  other  end  was 
empty,  hydrostatic  equilibrium  being  established  during  about  a 
day.  The  electrometer  was  repeatedly  calibrated  by  means  of  a  new 
Weston  potentiometer.  For  each  position  of  the  lamp  two  read- 
ings were  taken  and  for  each  series  the  lamp  was  moved  from  300 
cm  to  30  cm  from  the  cathode  and  back  again  to  300  cm.  The 


FIG.  8 


readings  for  the  same  position  coincided  almost  exactly  within  less 
than  J  per  cent.  Table  VII  gives  the  results  of  three  series  for  a 
potassium  cell  without  gas.  C  means  candle-power. 

The  ratio  between  the  illumination  7  and  the  current  d  remains 
constant  within  i  per  cent  for  variation  of  relative  light-intensities 
from  4  to  400. 

If,  however,  greater  intensities  were  chosen,  with  increasing 
intensity  the  ratio  I/d  began  to  decrease  slightly  and  for  a  source  of 
100  candles  the  deviation  from  a  straight  line  was  very  marked, 
as  will  be  seen  from  Table  VIII. 
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A  probable  explanation  of  the  retarded  increase  of  the  current 
with  increasing  illumination  can  be  sought  in  the  reflection  of 
electrons  from  the  anode,  or  in  the  space  charge  between  the 
electrodes.  If  this  were  the  case  we  should  expect  that  the 
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1/4 

d 

I/d 
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124 
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128 

3-o 
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16  
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2Q  OI 

124 
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128 
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27  I  < 
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100     .  . 

80  o 
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78  I 
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7  ^  O 

T2-2 

144  

118  6 
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113  3 

128 

108  5 
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178  

14^  o 
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140  o 
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132  O 

134. 

225  

182  o 

124 

176  o 

128 

168  9 

133 

294  

238.0 

123 

232  8 

127 

222  O 

133 

352  

277  s 

127 

263  o 

134 

400 

324  o 

124. 

313  7 

128 

2OQ  O 

1  3d. 

presence  of  argon  in  the  tube  would  decrease  the  influence  of 
reflection.  We  shall,  in  fact,  see  that  up  to  the  highest  intensi- 
ties that  have  been  used,  i.e.,  a  source  of  100  candles,  there  is  no 
deviation  from  the  straight  line  if  the  tube  contains  argon.  For 
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d 

I/d 

I 

d 

I/d 

4 

4.07 

98.5 

178 

141.7 

126 

9 

9.1 

99.0 

225 

173.6       130 

16 

15-55 

103.0 

294 

224.5       131 

36 

33-6 

107.0 

352 

261  .  7 

134 

100 

84.7 

118.0 

400 

294.5       136 

a  deflection  of  140  mm  we  find  the  following  distribution  of 
the  applied  potential-difference:  i23  =  A^=A^I+A^2;  i=  current, 
A/>j  =  potential-difference  across  the  cell,  Ap2  =  potential-difference 
across  the  graphite  resistance,  Rt  =  resistance  of  the  photo-electric 
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cell,  R  2  =  resistance  of  the  graphite.     To  a  deflection  of  140  mm 
corresponds  a  potential-difference  Ap2=  0.499=0.  5  volts. 


2=  8-  io10  ohms;     i  =      =  6  .  2  •  io 


These  high  graphite  resistances  are  not  constant  above  i  volt, 
as  is  illustrated  by  curve  4  of  Fig.  54  where  the  resistance  decreases 
from  8  to  4.3  •  io10  as  the  voltage  rises  from  4  to  123  volts.  The 
cadmium  sulphate  resistance  also  decreases  with  increasing  volt- 
age, but  not  so  strongly,  for  instance,  when  the  e.m.f  .  changes  from 
2  to  128  volts,  the  resistance  only  decreased  from  17.2  to  16.5. 
Below  i  volt  both  resistances  are  constant.  The  carbon  resistance 
is  also  constant  when  it  is  of  smaller  order  of  magnitude.  In  some 
cases  a  carbon  resistance  as  low  as  1.44-  io7  ohms  was  used  and 
then  it  was  perfectly  constant.  It  is  therefore  advisable  to  use  as 
small  a  resistance  as  possible  and  an  electrometer  of  high  sensi- 
tiveness. 

Tables  IX,  X,  and  XI  contain  the  measurements  made  with  the 
previous  tube,  with  parallel  electrodes,  filled  with  argon. 

C  =  o  .  6  ;   CdSO4  resistance 

The  last  series  was  taken  with  a  galvanometer.  Within  i  per 
cent  the  ratio  between  the  illumination  and  the  photo-electric 
current  is  constant  for  an  interval  of  intensities  from  i  to  100,  and 
for  light-sources  from  o.  16  to  100  candle-powers.  For  a  tungsten 
lamp  of  100  candles  there  may  be  a  slight  increase  of  the  ratio 
I/d  for  the  highest  intensities,  or  1  1  io  candle-meters.  The  smallest 
intensity  in  this  series  was  0.018  candle-meter.  As  already  men- 
tioned, readings  were  taken  as  the  lamp  was  moving  toward  and 
away  from  the  cathode  of  the  cell;  often  a  small  decrease  of  the 
deflection  in  a  given  position  was  observed,  when  the  source  of 
light  was  receding  from  the  photo-electric  cell. 

On  the  basis  of  this  result  we  can  establish  a  logical  connection 
between  the  photo-electric,  the  electro-chemical,  and  the  photo- 
chemical effects.  Let  us  consider  the  following  arrangement. 
The  anode  of  a  photo-electric  cell  is  earthed.  The  cathode  is 
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connected  with  the  anode  of  a  voltameter,  for  instance  a  silver 
nitrate  voltameter,  the  cathode  of  which  is  grounded.  If  light  falls 
on  the  cell,  the  current  will  deposit  silver  according  to  Faraday's 
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148 
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6.29 

11.25 
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245-1 
278.9 

143 
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36  
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144  
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I/d 
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6  02 

1  30 

^    12 

I7c 
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27.  7 
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III.O 
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57-7 
83.0 
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204. 
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J-7  I 

169  8 
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-2?2 

267  o 
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203  o 

174 

400  

304.0 

132. 

230.5 

174 

law.  The  quantity  of  silver  deposited  in  a  given  interval  of  time 
will  be  proportional  to  the  quantity  of  light  absorbed  by  the 
photo-electric  cell.  But  this  statement  is  a  special  case  of  the 
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fundamental  law  of  photo-chemical  action.  If,  therefore,  light 
produces  a  chemical  effect  directly,  we  have,  as  it  were,  a  com- 
bination of  the  photo-electric  and  the  electro-chemical  processes. 
But  whether  ionization  and  electric  conduction  can  be  detected  in 
each  photo-chemical  reaction  seems  to  be  an  open  question.  If  in 
the  photo-electric  process  it=CIt,  and  if  in  the  electro-chemical 
process  Mag=aagit,  then  it  follows  for  the  photo-chemical  reaction 

Mag =<*£!*. 

SUMMARY 

The  photo-electric  current  is  not  proportional  to  the  intensity 
of  illumination  in  the  older  spherical  form  of  the  cell.  If,  however, 
the  cell  is  mostly  covered  with  a  metallic  layer  and  the  anode  has 
the  form  of  a  circular  wire  net,  the  deviation  from  the  straight  line 
is  very  small  so  that  this  cell  can  be  used  for  many  photometric 
purposes,  for  instance,  in  stellar  photometry,  in  plant  physiology,  for 
the  measurements  of  reflecting  power  and  of  coefficients  of  absorp- 
tion and  transmission;  the  Ives  cell,  at  least  for  small  illumination, 
gives  a  straight  line.  In  the  cell  used  in  the  final  measurements, 
two  electrodes  are  parallel,  the  field  is  uniform,  and  the  current  is 
proportional  to  the  illumination  over  a  very  wide  range  if  the  cell 
contains  argon,  over  a  smaller  range  if  the  cell  is  evacuated.  Tal- 
bot's  law  holds  for  the  photo-electric  phenomenon.  A  simple 
relation  between  the  photo-electric,  the  electro-chemical,  and  the 
photo-chemical  processes  has  been  pointed  out. 

This  study  is  being  continued  in  several  directions.  The  very 
strong,  the  very  weak,  illumination,  and  the  action  of  ultra-violet 
light  require  further  investigations.  The  Faraday  cylinder  method 
also  will  be  used. 

I  am  very  glad  to  acknowledge  my  indebtedness  to  Director 
E.  P.  Hyde  of  the  Nela  Research  Laboratory,  where  this  investi- 
gation was  carried  out,  and  to  his  staff,  for  all  the  facilities  placed 
at  my  disposal,  for  their  helpful  suggestions,  and  for  the  very  good 
time  spent  in  an  excellent  company  of  human  scientists. 
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Introduction. 

Among  the  problems  which  are  attracting  attention  at  the  present  time 
the  question  of  the  nature  of  the  forces  which  hold  the  atoms  together  in 
the  molecule  is  of  great  importance.  The  most  probable  suggestion  is 
that  these  forces  are  due  to  the  electrons  and  positive  nuclei  of  the  differ- 
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ent  atoms  acting  on  each  other  according  to  laws  still  obscure.  Most  of 
the  articles  which  have  been  published  on  this  problem  are  of  a  specula- 
tive nature.  If  the  forces  are  electrical  it  seems  obvious  that  some  elec- 
trical method  might  be  used  advantageously  in  their  study.  lonization, 
often  followed  by  chemical  reaction,  is  found  to  occur  in  solutions  of  elec- 
trolytes and  sometimes  in  gases.  A  tremendous  amount  of  work  has  been 
done  with  electrolytes  in  solutions  of  various  solvents.  These  studies 
have  led  to  the  development  of  many  interesting  relationships,  but  there 
are  so  many  complications  in  any  study  of  liquid  solutions  that  it  is  difficult 
to  get  much  conception  of  the  fundamental  intramolecular  forces.  In 
spite  of  the  fact  that  a  much  greater  amount  of  work  has  been  done  on 
ions  in  solutions  than  on  gaseous  ions,  more  is  known  about  the  latter. 
In  gases  the  ions  have  far  greater  freedom  of  movement  than  in  liquids. 
The  structure  is  simpler  and  it  is  much  easier  to  control  and  alter  condi- 
tions. Ionized  gases  with  charged  atoms  and  molecules  are  often  capable 
of  causing  chemical  action  and  so  may  well  lend  themselves  to  the  study 
of  those  forces  which  bind  the  atoms  together.  For  instance,  to  cause  a 
reversible  reaction  like  N2  +  O2  ^"7"  2NO,  to  shift  toward  the  right  by 
purely  thermal  means  would  require  a  very  high  temperature  for  appreci- 
able yields,  but  with  the  ionization  of  gases  resulting  from  various  forms 
of  electrical  discharge  similar  yields  can  be  secured  at  far  lower  tempera- 
tures. It  seems  probable,  then,  that  the  presence  of  ions  in  gases  is  the 
cause  of  new  combinations  of  the  atoms.  It  is  very  desirable  when  study- 
ing fundamental  relationships  to  work  with  conditions  as  little  com- 
plicated as  possible.  For  this  purpose  there  is  available  one  reaction 
which  involves  the  presence  of  only  one  element,  oxygen,  which  is  changed 
into  ozone  under  suitable  conditions.  The  following  is  a  discussion  of  a 
theory  of  ozone  formation  which  is  applied  to  the  various  known  types  of 
ozone  formation  : 

The  oxygen  atom  is  supposed  to  possess  six  electrons  in  the  outer  shell. 
According  to  G.  N.  Lewis1  the  two  atoms  in  the  molecule  may  be  held 
together  in  two  different  ways,  between  which  there  may  be  several  gra- 
dations. The  oxygen  molecule  may  be  represented  by  either  of  the  For- 
mulas A  :O:  :0:,  or  B,  :O:O:.  In  the  first  form  the  atoms  are  held 
together  by  two  valence  bonds  while  in  the  second  there  is  only  the  one 
bond  holding  them  together,  each  atom  possessing  an  extra,  unsatisfied 
valence.  It  is  supposed  that  a  valence  bond  is  due  to  the  coupling  to- 
gether of  two  electrons  which  tend  to  make  a  fairly  stable  union.  In  form 
B  each  atom  has  an  extra  unbalanced  electron  and  we  have  an  arrange- 
ment similar  to  the  usual  conception  of  the  ethylene  molecule.  In  its 
second  form  the  oxygen  molecule  would  be  highly  reactive  as,  indeed, 
oxygen  is  well  known  to  be. 
1  THIS  JOURNAL,  38,  778  (1916). 
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If  a  neutral  oxygen  atom  came  in  contact  with  form  B  there  would  be 

a  strong  tendency  to  form  the  neutral  molecule  of  ozone,  :  O :  O ! .     The 

••  •• 

:0: 

electrons  not  being  symmetrically  placed  about  the  nuclei  a  strain  results 
so  that  ozone  is  in  an  unstable  condition  and  readily  tends  to  decompose. 
The  heat  of  decomposition  of  ozone  by  direct  measurement  is  about 
+34,000  calories.1  This  value  is  the  resultant  of  the  force  required  to 
split  two  extra  atoms  out  of  two  ozone  molecules  and  of  the  force  with 
which  these  two  atoms  unite  to  form  a  molecule,  regardless  of  the  order 
in  which  these  steps  may  occur.  It  seems  likely  that  an  atom  would  have 
to  come  in  contact  with  the  unsaturated  form  of  molecule  B  at  just  the 
right  angle  and  with  a  suitable  velocity  in  order  to  produce  ozone.  Col- 
lision between  two  atoms  would  result  in  the  formation  of  a  molecule  with 
consequent  degradation  of  energy  as  heat. 

Apparently  the  formation  of  ozone  requires  oxygen  atoms  which  may  be 
derived  from  molecular  oxygen  or  from  some  compound  of  oxygen  with 
other  elements.  On  this  basis,  in  accordance  with  the  mass-action  prin- 
ciple, any  factor  which  increases  the  atomic  ox)rgen  concentration  ought 
to  raise  the  yield  of  ozone.  Let  us  examine  those  reactions  by  which  ozone 
is  formed  either  directly  or  as  a  by-product  and  it  will  be  seen  that  this 
proposed  viewpoint  is  not  incompatible  with  the  facts. 

Methods  of  Ozone  Formation. 

I.  Oxygen  in  a  Nascent  or  Atomic  Condition  Often  Contains  Ozone. 

Oxygen  containing  some  ozone  may  be  set  free  from  some  of  its  com- 
pounds by  electrolysis,  by  the  action  of  elemental  fluorine  on  water  and 
by  the  action  of  sulfuric  acid  on  certain  peroxides,  peracids  and  persalts. 
In  the  electrolysis  of  dilute  sulfuric  acid  the  yield  of  ozone  depends  on  the 
anode  current  density.  By  using  an  extremely  small  anode  it  is  possible 
to  secure  as  high  as  23.4%  of  the  gas  in  the  triatomic  combination.2  That 
means  that  nearly  one-third  of  all  the  oxygen  atoms  set  free  have  joined 
together  in  triplets.  Some  ozone  would  be  formed  by  the  direct  simul- 
taneous collision  of  three  atoms  but  according  to  the  theory  of  probability 
only  an  infinitesimal  quantity.  The  greater  part  of  the  formation  of  ozone 
is  probably  due  to  the  impact  of  an  atom  with  the  more  reactive  oxygen 
molecule  B. 

17.   Oxygen  Atoms  from  Oxygen  Molecules. 

Oxygen  molecules  may  be  broken  up  into  atoms  in  a  variety  of  ways, 
lonization  of  a  gas  usually  brings  about  some  dissociation  into  atoms  which 
are  usually  charged  but  which  sometimes  lose  their  charge  and  become 
neutral.  There  are  several  ways  in  which  a  gas  is  ionized  and  in  most, 

1  Stephan  Jahn,  Z.  anorg.  allgem.  Chem.,  60,  357  (1908). 

2  Fischer  and  Braehmer,  Ber.,  38,  2623,  2630  (1905). 
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although  not  all,  of  the  types  of  ozone  formation  to  be  described  there  is 
an  accompanying  ionization:  i.  Many  different  kinds  of  electrical  dis- 
charges are  accompanied  by  ionization  of  the  gases  and  usually  by 
some  ozone  formation.  However,  if  the  temperature  rises  above  100°, 
the  velocity  of  the  decomposition  is  too  great  to  allow  appreciable  yields 
of  ozone.  The  spark,  corona  and  especially  the  silent  discharge  among 
others  cause  ozone  formation.  Whenever  ozone  is  formed  by  means  of 
an  electrical  discharge  light  is  produced.1  Warburg2  believes  that  only 
so  long  as  the  ions  have  a  velocity  sufficient  to  produce  light  will  they  cause 
ozonization. 

2.  The  particles  shot  off  in  radioactive  disintegrations  ionize  gases  and 
are  capable  of  bringing  about  the  production  of  some  ozone.3 

3.  Light  of  a  sufficiently  short  wave  length,  known  as  Schumann  light, 
can  also  ionize  gases.     The  energy,  measured  as  potential  fall,  required  to 
ionize  oxygen  is  9  volts  per  unit  charge4  which  corresponds  to  the  extremely 
short  wave  length  of  X  =  133.31*1*,  calculated  with  the  aid  of  the  quantum 
theory.     Such  light  is  absorbed  before  it  penetrates  more  than  i  or  2 
cm.  at  atmospheric  pressure  so  that  little  work  has  been  done  by  it.     Be- 
tween X  =  200MM  and  visible  light  lies  the   region    of    ordinary    ultra- 
violet light  to  which  most  photochemical  reactions  are  due.     With  the  ex- 
ception of  mercury  and  anthracene  vapors  ultraviolet  light  does  not  cause 
ionization  of  any  substances  although  it  does  produce  ozone.     Gold- 
stein,5 working  with  a  vacuum  discharge  in  a  quartz  tube,  observed  that 
ozone  was  formed  in  the  air  outside  of  the  tube  and  that  the  yield  was 
greater  the  brighter  the  light.     Warburg,6  working  on  the  relation  between 
the  amount  of  energy  absorbed  and  ozone  formation  to  test  out  Einstein's 
law,  has  observed  both  an  ozonizing  and  deozonizing  effect  according  as 
the  concentration  of  the  ozone  is  above  or  below  the  equilibrium  produced 
fay  any  particular  wave  length.     Of  the  two  steps  in  the  reaction  by 
which  ozone  is  formed  the  first,  according  to  which  the  oxygen  molecule 
is  split  into  atoms,  is  the  important  one.     Here  we  have  an  instance  of 
the  dissociation  of  a  molecule  uncomplicated  by  the  presence  of  ions.     Ul- 
traviolet light  is  apparently  capable  of  separating  some  of  the  oxygen 
molecules.     The  Lewis  molecule  B  would  be  in  an  especially  favorable 
condition  to  be  spHt  up.     To  set  oxygen  free  from  water  requires  energy 

1  J.  J.  Thomson  and  Threlfall,  Proc.  Roy.  Soc.  London,  40,  340  (1886). 

2  Ann.  Phys.,  [4]  17,  i  (1905). 

3  P.  and  M.  Curie,  Compt.  rend.,  129,  823  (1899). 

4  Engineering,  99,  277  (1915);  Frank  and  Hertz,   Verh.  deut.  physik.  Ges.,  15,  929 
(1914);  16,  12,  457  (1914). 

6  Ber.,  36,  3042  (1902). 

6  Verh.  deut.  physik.  Ges.,  15,  194  (1915);  Sitsb.  kgl.  preuss.  Akad.,  1914,  872; 
1915,  42;  cf.  also  Fischer  and  Braehmer,  Ber.,  38,  2623,  2630  (1905);  Franz  Fischer, 
Physik.  Z.,  10 j  453  (1906). 
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represented  by  1.25  volts.  It  would  take  much  less  energy  to  merely 
separate  two  oxygen  atoms,  accordingly,  from  quantum  considerations; 
ordinary  ultraviolet  light  possesses  much  more  energy  than  is  needed  for 
this  reaction.  It  would  seem  that  the  vibration  of  the  ultraviolet  light 
tends  to  cause  the  oxygen  bonds  to  be  loosened,  producing  more  or  less 
completely,  a  dissociation  effect  analogous  to  the  thermal  action  at  very 
high  temperatures. 

4.  Since  the  formation  of  ozone  is  an  endothermic  reaction,  the  higher 
the  temperature  the  greater  the  amount  of  ozone  in  equilibrium  with  the 
oxygen.     From  the  heat  of  reaction  determined  by  calorimetric  methods 
and  the  free  energy  calculated  from  electromotive-force  measurements, 
the  equilibrium  concentrations  may  be  calculated  for  any  temperature.1 
The  experimental  results  are  all  lower  than  the  values  calculated  because 
of  the  great  difficulty  in  lowering  the  temperature  quickly  enough  to  pre- 
vent the  decomposition  of  the  ozone  formed.2     Another  complication  in 
the  experimental  work  is  the  tendency  of  hot  bodies  to  cause  the  ioniza- 
tion  of  any  gases  with  which  they  come  in  contact.     This  criticism  ap- 
plies to  the  work  of  Fischer  and  his  associates  in  which  the  hot  pencil  of 
the  Nernst  lamp  was  used  as  the  source  of  heat.     Such  an  incandescent 
body  is  a  great  ion  breeder.     This  thermal  equilibrium  suggests  that  there 
is   a  certain  amount  of  dissociation  of  the  oxygen  molecule  at  the  higher 
temperatures  although  to  a  far  less  extent  than  with  iodine.     The  con- 
centration of  oxygen  atoms  is  very  small  for  there  are  three  possibilities : 
if  the  atom  comes  in  contact  with  another  atom  a  molecule  results ;  if  it 
comes  against  a  molecule,  ozone  may  be  formed;  and  finally,  if  it  should 
happen  to  collide  with  an  ozone  molecule  two  molecules  of  oxygen  should 
result.     Accordingly,  ozone  of  a  greater  concentration  than  very  slight 
traces  would  be  unstable  at  ordinary  temperatures.     The  only  reason  for 
its  existence  is  that  the  velocity  of  the  second  step  of  the   decomposition 
O  +  O3  — >•  2O   is  so  small  at  ordinary  temperatures.3      Above  100°  this 
velocity  becomes  very  much  larger  so  that  an  equilibrium  is  soon  reached. 

5.  Ozone   is   formed   incidentally   in   certain   slow   oxidations   at  low 
temperatures.      When   the   elements   phosphorus,    sulfur  or   arsenic  are 
placed  in  a  tube  and  moist  air  is  drawn  over  them  they  are  oxidized  with 
an  accompanying  luminescence.     By  increasing  the  velocity  of  the  air 
current  the  cloud  of  luminescence  may  be  drawn  completely  away  from 
the  element  being  oxidized.     This  light  is  supposed  by  Bloch4  to  be  caused 

1  Stephan  Jahn,  Z.  anorg.  allgem.  Chem.,  60,  332  (1908). 

2  Fischer  and  Braemer,  Ber.,  39,  363,  940  (1906);  Fischer  and  Marx,  Ibid.,  40, 
443,   ii 1 1    (1907);  Clement,  Ann.  Phys.,    [4]   14,  334  (1906);  Pollitzer,  "Ber.  chemt 
Affin.,"  p.  101. 

3  Warburg,  Ann.  Phys.,  [4]  9,  781  (1902). 

4  Compt.  rend.,  147,  842;  148,  775  (1910). 
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received  less  attention,  although  in  the  Physical  Laboratory  of  this  Uni- 
versity considerable  work  has  been  done  in  studying  some  of  the  relation- 
ships between  the  different  variables  which  may  affect  the  discharge.1 
Recently,  W.  W.  Strong2  has  proposed  to  get  at  the  theory  of  fume  pre- 
cipitation by  studies  involving  the  direct  current  corona. 

The  corona  probably  offers  the  most  favorable  conditions  for  the  study 
of  gaseous  ionization  at  atmospheric  pressure.  There  are  other  forms  of 
discharge  at  atmospheric  pressure,  such  as  the  arc  and  spark  discharges, 
which  are  extremely  complex.  The  silent  discharge  used  for  the  com- 
mercial production  of  ozone  is  made  less  simple  by  the  glass-covered  elec- 
trodes which  act  like  condensers.  The  work  that  has  been  done  in  this 
University  on  the  purely  physical  relationships  is  of  great  assistance  in 
any  work  of  a  chemical  nature  and  cooperation  from  some  of  these  investi- 
gators may  be  expected.  Moreover  the  form  of  apparatus,  which  will 
be  described  later,  is  a  convenient  one  for  experimentation.  In  spite  of 
the  number  of  variables,  such  as  dimensions  of  tube,  pressure  and  tempera- 
ture of  the  gas,  it  is  not  difficult  to  keep  practically  all  constant.  Finally, 
the  constancy  and  ease  of  control  of  the  potential  available  are  of  great 
help  in  making  a  success  of  the  proposed  studies. 

Experimental. 

Oxygen  was  prepared  by  the  electrolysis  of  15%  sodium  hydroxide 
solution  with  nickel  electrodes.  Hydrogen  was  removed  by  hot  copper 
oxide.  A  20%  solution  of  sodium  hydroxide  absorbed  any  carbon  dioxide. 
Moisture  was  removed  by  passing  the  gas  through  a  bead  tower  containing 
concentrated  sulfuric  acid,  through  a  20  cm.  tube  containing  fused  potas- 
sium hydroxide  and,  finally,  through  a  similar  tube  containing  phosphorus 
pentoxide. 

The  corona  tube  was  28  cm.  long  and  its  diameter  was  4  cm.  The  outer 
cylindrical  electrode  was  of  gold  foil  o.i  mm.  thick  with  a  diameter  of 
3.6  cm.  Connection  to  it  was  made  by  a  long  platinum  wire  which  made 
a  complete  circle  outside  the  foil.  The  foil  was  supported  by  three  rings 
of  thin  glass  rodding.  A  slit  1.5  cm.  wide  allowed  the  discharge  to  be 
observed.  The  appearance  of  the  discharge  is  interesting.  If  the  con- 
nections are  continuous  so  that  there  is  no  arc  in  series  the  whole  length 
of  the  wire  is  surrounded  by  a  uniform  glow  when  positively  charged.  If 
the  wire  is  charged  in  the  opposite  manner  there  are  a  few  brushes^or 
beads  scattered  more  or  less  regularly  along  its  length.  If  *an  arc  is  intro- 

1  Earlier  work  was  done  by  Watson,  Electrician,  63,  828  (1909);  64,  707,  777  (1909- 
10),  and  by  Schaffers,  Compt.  rend.,  157,  203  (1913).     Contributions  from  the  Physical 
Laboratory  of  the  University  of  Illinois  are  by  Farwell,  Proc.  Am.  Inst.  Elec.  Eng.,  35, 
1693  (1914);  Davis  and  Breese,  Ibid.,  36,  143  (1917);  Kunz,  Phys.  Rev.,  [2]  8,  28  (1916); 
Booth,  Ibid.,  [2]  10,  266  (1917);  Warner,  Ibid.,  [2]  8,  285  (1916);  [2]  10,483  (1917); 
Crocker,  Ibid,  (forthcoming  publication). 

2  Met.  Chem.  Eng.,  16,  748  (1917). 
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duced  in  series  there  develop  some  brushes  on  the  positive  wire  while  on 
the  negative  wire  the  brushes  are  more  or  less  extinguished  by  a  glow  run- 
ning all  along  the  wire.  The  effect  of  the  arc  is  simply  one  of  interruptions. 
There  is  no  reversal  of  the  current.1 

The  source  of  power  was  forty  direct  current  dynamos  each  rated  at 
500  volts  and  0.5  ampere.  These  were  run  by  three  motors,  current  for 
which  came  from  a  motor  generator  which  was  controlled  by  a  constant 
potential  device  so  that  the  fluctuations  of  the  potential  were  less  than 
i%.  This  device  is  necessary  to  eliminate  variations  in  the  power  house 
circuit.  The  voltage  from  these  machines  could  be  regulated  by  means  of 


Fig.  i. 


field  switches  and  by  means  of  a  rheostat  in  series  with  the  motors.  The 
dangerously  large  current  was  cut  down  by  a  water  resistance.  The  nega- 
tive terminal  of  the  dynamos  was  grounded  to  decrease  the  risk.  All 
connections  were  either  soldered  or  made  through  mercury  cups.  The 
potential  difference  was  given  by  a  Kelvin  electrostatic  voltmeter.  The 
strength  of  the  current  was  measured  by  a  sensitive  d'Arsonval  galvanom- 
eter on  a  shunt  between  the  corona  tube  and  the  ground. 

After  the  discharge  the  apparatus  was  connected  to  a  vacuum  pump 
so  that  the  oxygen  and  ozone  mixture  could  be  slowly  drawn  through 
tube  D  containing  phosphorus  pentoxide  which  had  been  completely 
oxidized  by  resubliming  in  a  current  of  oxygen.  Then  the  gas  passed 
through  a  stout  Erlenmeyer  flask  containing  30  cc.  of  2  N  potassium  iodide. 
The  salt  from  which  this  solution  was  prepared  has  been  recrystallized 
till  neutral  to  phenolphthalein.  This  solution  was  poured  into  the  flask 
through  the  bead  tower  so  that  the  gas  would  be  further  scrubbed.  The 
gas  then  passed  through  a  similar  flask  containing  more  potassium  iodide 
solution  and  finally  through  a  calcium  chloride  tube.  By  pumping  out 
the  gas  from  the  discharge  tube  down  to  about  3  cm.  pressure  and  then 
1  Crooker,  Phys.  Rev.  (forthcoming  publication). 
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by  the  oxidation  of  a  lower  to  a  higher  oxide.  When  phosphorus  and  sul- 
fur are  oxidized  in  this  way  considerable  amounts  of  ozone  are  formed, 
but  none  has  been  detected  during  the  oxidation  of  arsenic.  The  dis- 
tinguishing feature  between  phosphorus  and  sulfur  when  acted  upon  by 
moist  oxygen  is,  that  the  products  from  the  former  contain  ions  which  will 
discharge  an  electroscope,  while  the  sulfur  gases  seem  to  possess  no  such 
ions.  Part  of  the  ozone  formed  in  the  oxidation  of  phosphorus  may  be 
due  to  the  presence  of  these  ions  but  there  are  only  enough  ions  to  produce 
a  very  small  part  of  all  the  ozone  formed.  An  explanation  is,  that  the 
oxygen  molecule,  coming  in  contact  with  the  lower  oxide,  uses  up  one  atom 
before  the  other  atom  has  time  to  combine  with  the  substance  being  oxi- 
dized. Another  atom  from  a  second  molecule  completes  the  oxidation 
of  the  phosphorus.  To  oxidize  sulfur  ctioxide  to  the  trioxide  would  require 
only  one  oxygen. 

When  the  vapor  from  ether  and  similar  organic  substances  comes  in 
contact  with  oxygen  at  the  hot  surfaces  of  platinum  it  is  oxidized  with 
the  formation  of  some  ozone.  This  is  a  surface  reaction  and,  as  long 
as  the  stream  of  air  and  vapor  come  in  contact,  the  heat  of  reaction  causes 
the  wire  to  glow.  A  body  that  sends  off  light  in  this  manner  causes  some 
ionization  in  the  gases  which  come  in  contact  with  it  although  probably 
but  a  small  part  of  the  ozone  would  be  formed  here  by  ionic  processes. 
The  fact  that  the  yield  of  ozone  depends  on  the  velocity  of  the  air  tends 
to  show  that  one  atom  of  the  oxygen  molecule  may  become  detached  on 
coming  in  contact  with  a  carbon  atom  while  the  other  atom  is  carried  away 
by  its  velocity  before  it  has  its  chance  to  combine  with  carbon  or  hydrogen. 
According  to  this  view  ozone  should  be  formed  during  most  combustions 
and  it  doubtless  would  be  but  for  the  unfavorable  condition  of  the  high 
temperatures  usually  involved,  which  allows  the  ozone  to  reach  an  almost 
immediate  equilibrium  with  oxygen.  In  the  reactions  just  discussed, 
the  current  of  air  tends  to  carry  away  the  free  atoms  before  they  have  be- 
come warm  enough  to  decompose  very  rapidly. 

It  is  believed  that,  for  the  formation  of  ozone,  oxygen  in  an  atomic 
condition  is  required.  The  atoms  may  or  may  not  be  charged  and  this  is 
a  very  important  point.  The  ions  tend  to  pull  apart  the  molecule  into 
the  more  reactive  atomic  condition.  If  the  atoms  that  do  react  are  not 
charged,  then  the  action  of  ions  is  only  an  indirect  cause  of  chemical  re- 
action. Of  course,  there  is  chemical  reaction  between  gaseous  ions  es- 
pecially if  oppositely  charged.  From  the  discussion  just  given  it  seems 
evident  that  while  atomic  oxygen  is  required  for  the  production  of  ozone 
the  presence  of  ions  may  or  may  not  be  incident  to  this  reaction.  The 
reactive  modifications  of  two  other  gases  are  without  charge  although  both 
are  formed  under  the  influence  of  ions.  Strutt  has  concluded  from  his 
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experiments1  that  the  active  modification  of  nitrogen  produced  by  a  con- 
densed discharge  was  composed  probably  of  uncharged  atoms.  Duane 
and  Wendt2  have  shown  that  the  reactive  modification  of  hydrogen  pro- 
duced by  a-radiation  is  composed  of  uncharged  particles. 

The  Corona. 

To  test  these  views  and  to  throw  some  light  on  the  relationships  be- 
tween ionization  and  chemical  reaction  the  study  of  certain  of  the  chemical 
reactions  in  the  corona  has  been  begun.  At  first  it  is  proposed  to  study 
the  formation  of  ozone  from  oxygen  in  the  corona  discharge.  This  re- 
action is  a  comparatively  simple  one:  There  is  present  only  the  one  ele- 
ment for  oxygen  is  readily  prepared  and  purified  in  reasonably  large  quan- 
tities. Although  quite  a  large  variety  of  ions  in  oxygen  is  possible  (elec- 
trons, atoms  charged  with  a  single  or  double  negative  or  positive  charges, 
molecules  of  oxygen  or  ozone  bearing  charges),  there  would  be  fewer  kinds 
of  ions  present  where  ozone  is  formed  than  in  almost  any  other  reaction 
in  which  gaseous  ions  take  part.  Another  advantage  of  this  reaction  is 
that  the  analysis  of  ozone  is  a  very  convenient  one  and  seems  to  be  fairly 
accurate.  The  first  phase  of  this  reaction  studied  concerns  the  production 
of  an  equilibrium  between  ozone,  oxygen  molecules  and  oxygen  atoms 
whether  charged  or  uncharged.  That  oxygen  does  occur  in  the  atomic 
condition  seems  probable  from  the  increase  in  pressure  which  is  observed 
as  soon  as  the  corona  discharge  is  turned  on  and  which  seems  to  be  caused 
by  an  increase  in  the  number  of  particles  in  the  gas  as  noted  first  by 
Farwell.3  This  has  been  doubted  by  Arnold4  but  has  since  been  proved 
by  Warner5  along  half  a  dozen  different  lines  of  evidence  to  be  due  to  the 
ionization  of  the  gas  and  not  to  the  heat  effect  which  does  develop  with 
time.  There  are,  therefore,  present  oxygen  atoms  to  form  ozone  according 
to  the  viewpoint  developed  above.  It  is  hoped  that  evidence  as  to  whether 
these  atoms  are  charged  or  not  will  be  brought  forward  in  investigations 
now  under  way. 

The  corona  is  an  electrical  discharge  accompanied  by  various  light  phe- 
nomena from  which  it  gets  its  name.  By  impressing  sufficiently  high  po- 
tentials on  a  wire  the  air  is  broken  down  and  some  leakage  occurs  from  the 
wire.  Such  a  loss  is  of  considerable  importance  in  long  distance  trans- 
mission of  high  voltage  alternating  or  direct  currents.  The  alternating 
corona  has  been  studied  by  a  number  of  electrical  engineers  who  have 
obtained  many  empirical  results.  The  direct  current  corona  has,  of  course, 

1  Proc.  Roy.  Soc.  London,  85,  219,  377  (1911);  86,  56,  105,  262  (1912);  87,  179, 
302  (1913);  88,  539  (1914);  89,  187  (1914);  Qi.  303  (1915). 

2  Phys.  Rev.,  [2]  10,  116  (1917). 

8  Proc.  Am.  Inst.  Elec.  Eng.,  33,  1693  (1914);  cf.  also  Kunz,  Phys.  Rev.,  [2]  8,  28 
(1916);  and  Warner,  Ibid.,  [2]  8,  285  (1916). 
4  Phys.  Rev.,  [2]  9,  93  (1917). 
6  Ibid.,  [2]  10,483  (1917). 
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washing  with  three  or  four  portions  of  oxygen  to  a  pressure  of  7-10  cm. 
of  mercury,  of  the  original  gas  in  the  tube  there  would  remain  less  than 
one  part  in  2000.  When  the  ozone  had  been  practically  all  removed  from 
the  tube  stopcock  C  was  closed  and  oxygen  was  allowed  to  enter  the  corona 
tube  at  a  reasonable  rate  while  air  was  admitted  to  the  adsorption  flasks 
through  B.  The  solution  on  the  beads  was  washed  down  into  the  flask 
and  after  barely  acidifying  with  dilute  sulfuric  acid  the  iodine  liberated 
was  titrated  with  freshly  standardized  0.0025  N  sodium  thiosulfate  solu- 
tion. By  using  very  well-diffused  light  the  end  point  could  be  obtained 
within  a  drop  or  two.  The  thiosulfal^  solutions  were  standardized  against 
arsenious  oxide  after  standing  at  least  one  week  after  they  were  made  up.1 
Pure  oxygen  was  passed  through  these  absorption  flasks  for  six  hours 
without  any  trace  of  iodine  being  liberated.  Evidently  the  ionization  of 
a  gas  produced  by  bubbling  is  too  slight  to  have  any  effect  here.  The 
second  flask  was  used  as  a  check  to  see  if  all  the  oxygen  was  absorbed  in 
the  first  flask.  Usually  after  working  all  day  there  was  no  trace  of  iodine 
to  be  observed  in  it.  Once  after  using  the  same  solution  in  the  second 
flask  for  four  days  a  slight  trace  of  color  accumulated  which  was  dis- 
charged by  a  single  drop  of  the  thiosulfate  solution,  as  compared  with  over 
600  cc.  required  for  the  first  flask  during  this  period. 
The  experiments  were  made  at  room  temperature  (24  =•=  3°);  the  gas 
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1  Treadwell  and  Hall,  "Analytical  Chemistry,"  2,  676  (1915);  Bates  and  Vinal, 
THIS  JOURNAL,  36,  916  (1914);  Riesenfeldt  and  Bencker,  Z.  anorg.  allgem.  Chem.,  9  , 
j67  (1916). 
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that  the  curve  (Fig.  2,  Curve  I)  approaches  a  line  parallel  to  the  time  axis 
asymptotically.     Curve  II  shows  the  relationship  between  the  time  and 
voltage  at  a  constant  current  strength  of  1.25  X  io~4  ampere. 
CURRENT- VOI/TAGE  RELATIONSHIP. 

Wire  positive.  Wire  negative. 


Amperes  X  10*. 

Volts. 

2.00 

7910-  8300 

2.77 

8960-  9260 

3-75 

9370-  9650 

6.25 

9680-10440 

Amperes  X  10«. 
1-25 
2.50 
3-75 
5-00 
7-50 


Volts. 

8960-  95501 

9880-10280 

10400-10600 

10800-11240 

11600-12480 


These  data  are  the  extreme  values  observed  during  a  2o-minute  run. 
The  results  plotted  in  Figs.  3  and  4  represent  all  that  were  secured  when 
the  current  was  constant  and  there  was  no  arc  in  series.  The  following 
results  were  obtained,  partly  duringione  day  and  partly  the  next  day, 

WIRE     POSITIVE 


700 


12.  16 

TIME  IN  MINUTES 


Fig.  3- 

with  a  positive  wire  and  a  current  strength  of  2.77  X  io~4  ampere  for  the 
3-minute  interval:  345,  340,  350,  335  and  360  cu.  mm.  of  ozone.  To 
change  this  value,  the  one  used  in  the  curves,  to  percentage  divide  by 
3ooo.2  From  the  slopes  of  the  curves  near  the  origin  it  seems  likely  that 

1  Cf.  Fig.  2,  Curve  I. 

2  The  capacity  of  the  tube  is  300  cc.  so  to  change  from  cu.  mm.  to  percentage 
multiply  by  1007(300  X  1000)  or  divide  by  3000. 
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the  production  of  ozone  might  be  proportional  to  the  current  strength 
if  the  gas  were  drawn  through  the  apparatus  fast  enough  to  eliminate 
the  decomposition  effect  of  the  discharge.  It  is  expected  to  work  out  this 
point  experimentally  as  well  as  the  connection  between  the  amount  of 
ozone  formed  and  the  current  and  power  consumption  in  the  corona. 

WIRE     NEGATIVE 


600 


500 


200 


\k 


too 


2. 


LL 


2.50  X  to-* 


X  10 
X  10'* 
«  10'* 


ta  (6 

TIME  IN  MINUTES 


E.4 


28 


Fig.  4. 


With  the  wire  charged  positively  there  is  nearly  as  much  ozone  formed 
as  when  it  is  negative.  These  curves  belong  to  a  family  of  curves  which 
have  their  origin  in  the  same  place  and  which  tend  to  approach  a  common 
point  as  a  limit.  The  greater  initial  slope  of  the  larger  current  curves  indi- 
cates that  there  is  a  greater  ozonizing  effect,  but  the  smaller  slope  of  these 
•curves  after  about  five  minutes  shows  a  greater  deozonizing  effect  also. 
The  resultant  is  probably  the  same  in  all  cases  with  a  final  equilibrium 
which  is  independent  of  the  magnitude  of  the  current.  The  similarity 
in  the  two  sets  of  curves  is  interesting  as  one  would  expect  to  find  that  the 
negative  discharge  with  its  numerous  electrons  is  a  better  ozonizer.  In 
this  connection  it  would  be  of  great  interest  to  know  in  what  part  of  the 
discharge  the  ozone  is  formed  and  that  point  is  now  being  investigated. 
With  an  arc  o.i  mm.  long  in  series  the  galvonometer  did  not  vibrate 
very  much  but  when  the  gap  was  increased  to  0.25  mm.  there  was  con- 
siderable vibration.  The  spark  gap  had  but  little  effect  on  the  yields  with 
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the  higher  current  strengths,  but  it  did  increase  the  initial  amounts  of 
ozone  formed  when  smaller  currents  were  used  so  that  their  curves  would 
lie  close  to  those  for  the  larger  currents. 

A  peculiar  phenomenon  has  been  observed.  At  the  start  of  the  work 
each  day  the  yield  of  ozone  was  very  much  less  for  a  given  time  and  current 
than  after  the  discharge  had  been  passing  for  some  time.  Thus,  if  the 
current  was  maintained  constant  and  the  discharge  was  allowed  to  pro- 
ceed for  successive  one-minute  intervals,  the  yield  per  minute  increased 
very  fast  at  first,  reaching  constancy  only  after  the  sixth  or  seventh  minute 
period.  Usually  this  initial  lag  was  eliminated  by  running  the  discharge 
for  twenty  minutes.  An  explanation  for  this  phenomenon  is  being  sought. 

That  ozone  formation  is  a  fairly  suitable  reaction  for  the  study  of  some 
of  these  fundamental  relationships  has  been  appreciated  by  Warburg1 
who,  especially  assisted  by  Leithauser,  has  devoted  several  years  to  the 
connection  between  the  different  variables  which  may  affect  the  forma- 
tion of  ozone.  They  have  worked  under  a  variety  of  conditions  and  with 
several  forms  of  apparatus.  That  part  of  their  work  which  concerns  the 
present  article  will  be  discussed  here.  Other  points,  including  the  theory 
of  the  commercial  production  of  ozone,  will  be  considered  in  future  articles 
when  similar  experiments  with  the  corona  are  described.  Warburg2 
studied  the  ozone-oxygen  equilibrium  produced  by  an  electrical  discharge 
at  various  temperatures  and  found  that  the  concentration  of  the  ozone 
decreased  with  an  increase  in  temperature  caused  by  a  greater  deozoriizing 
effect.  The  rate  for  the  formation  of  ozone  was  found  to  be  nearly  con- 
stant at  various  temperatures.  His  apparatus  consisted  of  two  small 
bulbs  of  about  the  same  volume  connected  by  a  sulfuric  acid  manometer. 
Oxygen  containing  a  small  amount  of  nitrogen  was  used  since  he  had  been 
able  to  detect  no  oxides  of  nitrogen  when  the  nitrogen  concentration 
was  below  7%,  provided  there  was  no  sparking.  When  a  discharge  was 
passed  from  a  negatively  charged  point  to  a  grounded  wire  there  was  no 
sparking  at  first,  but  if  the  point  was  charged  positively  the  discharge 
was  a  spark  discharge.  By  using  a  charged  wire  and  a  half  cylinder  of 
platinum  he  secured  an  arrangement  like  the  corona  tube.  The  current 
was  supplied  from  an  influence  machine  which  produces  great  fluctuations 
of  potential.  Both  bulbs  were  placed  in  a  constant  temperature  bath 
and  after  turning  off  the  discharge  the  apparatus  was  allowed  to  stand  a 
few  minutes  so  that  the  heat  developed  by  the  discharge  might  be  removed 
and  a  correct  reading  of  the  manometer  could  be  obtained.  The  amount 
of  ozone  formed  was  calculated  for  the  volume  decrease  in  the  discharge 
bulb.  When  equilibrium  was  reached  at  any  temperature  the  concen- 

1  A  series  of  articles  from  1900-1915,  Sitzb.  Akad.  Wiss.  Math.  nat.   Klasse;  and 
Ann.  Phys.,  [4]. 

2  Ann.  Phys.,  [4]  9,  781  (1902). 
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tration  of  the  ozone  with  the  wire  negative  was  about  three  times  as 
great  as  with  the  wire  positively  charged.  This  was  probably  due  to 
the  greater  velocity  of  the  negative  ions.  In  the  corona  apparatus  used 
in  the  present  investigation  with  the  current  constant  no  such  difference 
in  ozone  formation  was  observed.  The  deozonizing  effect  was  about  the 
same  for  both  positive  and  negative  discharge.  The  results  obtained  by 
Warburg  have  been  confirmed  by  Cermak1  who  worked  with  the  point 
discharge. 

The  results  obtained  with  other  forms  of  discharge  are,  doubtless,  often 
similar  to  those  which  can  be  obtained  with  the  corona,  but  the  greater 
number  of  uncontrollable  variables  have  made  it  seem  desirable  to  study 
some  of  the  primary  relationships  where  conditions  could  be  under  better 
control.  It  is  also  highly  desirable  to  get  definite  data  regarding  the 
ionization  and  chemical  reaction  relationship  and  it  is  hoped  that  these 
studies  will  lead  to  securing  of  sufficient  facts  to  clear  u  •>  some  of  the  vague- 
ness now  existing.  J.  J.  Thomson  concluded  in  his  lectures  before  the 
Royal  Institute  in  IQI52  that  there  is  very  little  evidence  of  ionization 
by  chemical  reaction.  This  would  be  expected  since  the  energy  produced 
by  any  chemical  reaction  is  not  great  enough  to  cause  the  ionization  of 
any  of  the  elements  except  possibly  the  alkali  metals.  On  the  other  hand, 
that  chemical  reaction  often  follows  ionization  is  hardly  to  be  doubted. 

In  the  first  part  of  the  study  of  ozone  it  has  seemed  desirable  to  de- 
termine if  an  equilibrium  is  reached  between  the  two  forces  in  the  elec- 
trical discharge  which  tend  to  cause  the  formation  of  ozone  and  then  its 
decomposition.  Warburg  has  studied  this  question  with  the  apparatus 
described  above.  His  work  and  that  of  Cermak  have  shown  that  there 
is  a  tendency  to  reach  an  equilibrium.  In  the  corona  the  time  required 
to  reach  an  equilibrium  would  be  dependent  on  the  rate  of  diffusion.  The 
question  of  whether  ozone  is  formed  at  the  central  wire,  as  seems  likely, 
or  elsewhere  and  the  calculations  of  diffusion  will  be  taken  up  in  the  next 
article  of  this  series. 

The  writer  desires  to  express  his  sincere  thanks  to  Jakob  Kunz  for  several 
valuable  suggestions  and  to  A.  P.  Carman,  head  of  the  department  of 
Physics  in  this  University,  for  kind  permission  to  use  the  corona  ap- 
paratus. 

Summary. 

The  great  desirability  of  securing  more  knowledge  as  to  the  relationship 
between  ionization  and  chemical  action  has  been  pointed  out. 

For  the  formation  of  ozone  atomic  oxygen  is  probably  required.  The 
various  known  types  of  reactions  by  which  ozone  is  formed  have  been  dis- 
cussed and  it  has  been  shown  that  there  is  a  strong  probability  of  the 

1  Ber.  deut.  physik.  Ges.,  4,  268  (1906). 

2  Engineering,  99,  251,  277,  303,  329,  356,  413  (1915). 


CHEMICAL  REACTIONS  IN   THE   CORONA.      I.  2595 

presence  of  atomic  oxygen  in  each  case.  Ozone  may  or  may  not  be  formed 
by  means  of  gaseous  ions.  Because  of  the  few  species  of  ions  present  in 
oxygen  its  transformation  into  ozone  is  a  suitable  reaction  for  the  study  of 
the  connection  between  ionization  and  chemical  reaction.  The  corona 
apparatus  gives  a  very  iavorable  form  of  dischage  for  this  purpose. 

An  equilibrium  results  between  the  oxygen  and  ozone  caused  by  the 
presence  of  two  opposing  effects,  ozonizing  and  deozonizing.  At  equilib- 
rium in  the  corona  it  is  probable  that  gases  have  the  same  concentration 
regardless  of  whether  the  wire  is  charged  positively  or  negatively.  Co- 
incident with  the  increase  in  temperature  in  the  discharge  tube,  caused 
by  the  degradation  of  energy,  there  is  an  increase  in  resistance. 

The  study  of  ozone  formation  is  being  continued. 

URBAN  A,  Iw,. 


(REPRINTED  FROM  THE  JOURNAL  OF  THE  FRANKLIN  INSTITUTE; 
JANUARY,  1918.) 


A   GRAPHICAL    METHOD    FOR   THE   CONSTRUCTION 
OF  ELECTROSTATIC  FIELDS.* 

BY 

SYLVAN   J.    CROCKER. 

THE    METHOD. 

THE  force  at  any  point  of  an  electric  field  is  equal  to  the 
difference  of  potential  dV  divided  by  the  distance  ds*  from  an 
equipotential  surface  measured  along  the  line  of  force. 

F  =  dV/ds' 

In  constructing  an  electric  field  we  make  use  of  the  fact  that 
the  lines  of  force  and  the  equipotential  lines  are  an  ortho- 
gonal system.  For  any  arrangement  of  conductors  in  a  homo- 
geneous medium  the  approximate  form  of  the  field  may  be  drawn 
by  guess.  The  method  used  here  is  only  applicable  in  checking 
up  and  correcting  the  approximately  drawn  field. 

Measurements  are  made  from  the  approximate  drawing  for 
the  ds'  distances  between  any  two  equipotential  lines,  one  of 
which  is  used  as  a  base  line.  Assuming  that  dV  -  i  between 
these  two  equipotential  surfaces,  the  force  equation  then  becomes 

F  =  i/ds' 

For  each  point  along  the  equipotential  line  find  F  by  using 
the  reciprocal  values  of  <//,  and  plot  the  Force-curve:  as  shown 
in  Fig.  i. 

If  now  we  integrate  the  area  under  the  Force-curve,  for  ex- 
ample from  o  to  the  line  AB,  by  means  of  a  planimeter  or  other 
device,  we  get  a  value  B  for  the  definite  potential  integral, 

V  =  fcFds 

Integrating  to  another  point  C  on  the  Force-curve,  a  value  D 
on  the  potential-curve,  is  then  obtained.  We  may  proceed  in  this 
manner  for  all  points  along  the  equipotential  line  as  far  as  is 
desirable. 

Projecting  lines  back  to  the  Potential-axis  from  the  points 
B,  D,  etc.,  increments  dV  are  cut  off  which  give  the  difference 
of  potential  between  the  base  line  and  the  approximate  equipo- 
tential line  for  every  point  considered.  If  the  increments  dV 

*  Communicated  by  Prof.  Jakob  Kunz. 
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are  equal,  then  the  drawn  curve  is  truly  an  equipotential  line  and 
the  drawing  is  correct. 

The  whole  field  may  be  checked  in  this  manner  and  corrected 
to*  exactness.  This  method,  when  properly  used,  will  give  the 
true  conformation  of  the  electric  field  which  will,  in  fact,  be  the 
solution  of  Laplace's  equation  for  the  particular  case  in  hand. 


EXAMPLE. 

The  field  has  been  constructed  and  checked  for  the  case  of  a 
thin  wire  strung  through  the  centre  of  a  circular  hole  in  a  thin 

FIG.  i. 
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infinite  plane.  The  field  is, shown  in  two  dimensions  in  Fig.  2, 
the  t'F-axis  representing  the  central  wire  and  the  [/-axis  from 
±  i  to  GO  representing  the  thin  plate.  The  field  is  symmetrical 
and  may  be  represented  in  three-dimensional  space  by  rotating 
the  diagram  about  the  fF-axis. 
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This  field  is  in  reality  an  orthogonal  system  of  confocal  ellipses 
and  hyperbolas  and  may  be  represented  by  the  equation, 

w  =  cos  h  z  =  U  +  iV 
where  z  is  the  complex  number, 

z  =  x  +  iy 

This  equation  is  easily  solved  for  the  functions  U  and  V. 
W  =   cosh(x  +  iy) 


_ 
W  =  1/2  ex(cos  y  +  i  sin  y)  +  i/2e~x(cos  y  —  i  sin  y) 


W  =  cos  y 


.        e*  —  e- 

h  i  sin  y 


W  =  cos  y  cos  h  x  +  i  sin  y  sin  h  x  =  U  +  i  V. 
FIG.  2. 
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Which  gives 

U  =  cos  y  cos  h  x. 
V  =  sin  3;  sin  h  x. 

and 

Squaring  the  equations  and  subtracting  gives 


which  is  the  equation  for  a  family  of  confocal  hyperbolas.  Giving 
different  values  to  yf  we  find  the  family  of  hyperbolas  having 
their  foci  at  ±  i. 

Adding  the  squared  equations  gives 

Z72/cos2  h  x  +  F2/sin2  h  x  =  i, 

the  equation  for  a  family  of  confocal  ellipses  with  foci  at±i, 
the  same  foci  as  for  the  hyperbolas. 

To  illustrate  the  method,  we  will  take  the  equipotential  line 
y  =  0.4  as  the  base  line  and  measure  the  distances  dsf  to  the  equi- 
potential line  y  -  0.5,  along  the  lines  of  force  which  are  repre- 
sented by  the  different  values  of  x.  These  distances  are  recorded 
in  the  second  column  of  the  table. 

Assuming  dV  -  i,  the  forces  F  =  i/ds'  are  found  and  re- 
corded in  the  third  column. 

Now,  beginning  from  x  -  o,  the  ds  distances  between  con- 
secutive lines  of  force  are  measured  along  y  =  0.5  and  recorded 
as  in  column  four. 

Column  five  .gives  the  distance  s  to  any  point  on  y-  0.5  from 
the  starting  point  on  x  -  o. 

The  forces  for  each  point  on  the  line  y  =  0.5  are  now  plotted 
as  in  Fig.  i. 

Integrations  under  the  Force-curve  are  performed  and  the 
results  recorded  as  in  the  sixth  column,  from  which  values  the 
Potential-curve  is  plotted  and  projections  made  to  the  Potential- 
axis. 

The  potential  differences  dV  as  found  along  each  line  of 
force  are  approximately  of  equal  values,  as  may  be  seen  in  the 
last  column,  which  means  that  the  line  y  =  0.5  is  an  equipotential 
line. 

In  this  manner  it  is  possible  to  check  over  the  entire  field  and 
to  change  the  rough  approximate  drawing  to  the  correct  form. 

The  drawing  in  Fig.  2,  representable  by  w  =  cosh  z,  is  a  true 
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electric  field  where  the  lines  represented  by  the  y  values  are 
the  equipO'tential  lines  and  the  lines  represented  by  the  values  of  x 
are  the  lines  of  force. 

SUMMARY. 

1.  A  graphical  method  is  explained  which  permits  the  con- 
struction of  any  electric  field,  or  the  solution  of  Laplace's  differ- 
ential equation. 

2.  As  an  example  the  field  for  a  thin  wire  strung  through 
a  circular  hole  in  an  infinite  plane  is  given. 

3.  This  field  is  representable  by  w  =  cosh  z. 

In  conclusion,  I  wish  to  thank  Dr.  J.  Kunz  for  a  suggestion 
regarding  the  given  graphical  solution  of  Laplace's  differential 
equation. 

TABLE. 


Potential 

Difference 

Between  y  =  0.4  and  y  —  0.5. 

ON* 

ds' 

F  =  \/ds' 

ds 

s    ji,.., 

'     dV 

0.0 

0.100 

10.000 

0.000 

0.000 

o.oo 

0.00 

O.I 

O.I  02 

9.800 

0.068 

0.068 

0.33 

0.33 

0.2 

0.108 

9.250 

0.092 

0.140 

0.67 

0.34 

0-3 

0.116 

8.625 

0.076 

0.216 

1.  01 

0.34 

0.4 

0.120 

8.320 

0.078 

0.294 

1.34 

0.33 

0-5 

0.132 

7-575 

0.084 

0.378 

1.68 

0.34 

0.6 

0.144 

6.950 

0.092 

0.470 

2.O2 

0.34 

0.7 

0.156 

6.410 

0.100 

0.570 

2-34 

0.32 

0.8 

0.172 

5.8io 

O.I  10 

0.680 

2.66 

0.32 

0.9 

0.192 

5.210 

0.118 

0.798 
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AET.  XIX. — Influence  of  a  Series  Spark  on  the  Direct 
Current  Corona;  by  SYLVAN  J.  CROCKER. 

In  the  paper  entitled  "Some  Brush  Discharge  Phe- 
nomena Produced  by  Continuous  Potentials, "  S.  P.  Far- 
well1  published  some  experiments  in  which  he  noted 
changes  in  the  appearance  of  the  direct  current  corona 
between  coaxial  cylindrical  electrodes  when  a  short  spark 
was  placed  in  series  with  the  corona  tube.  The  typical 
negative  corona  discharge  with  constant  voltage  consists 
in  more  or  less  evenly  spaced  bright  beads ;  the  positive 
glow  (the  wire  being  positive)  is  uniform  in  most  cases. 
If  now  a  short  spark  is  introduced  in  series  with  the 
corona  tube,  this  difference  in  the  discharge  is  largely 
wiped  out,  and  the  discharge  appears  almost  the  same 
whether  the  wire  is  positive  or  negative.  This  effect  of 
the  spark  is  well  illustrated  by  the  last  four  photographs 
of  fig.  2  of  the  mentioned  article.  Farwell  was  inclined  to 
attribute  this  effect  to  oscillations  or  surges  set  up  in  the 
system  by  the  spark.  He  found  indeed  that  an  induction 
coil  gave  rise  to  the  same  kind  of  discharge  in  the  corona 
tube  as  the  spark  in  series,  but  at  the  same  time  he 
remarked  that  the  resistance  in  the  corona  tube  was  so 
high  as  to  exclude  oscillations.  A  condenser  in  parallel 
with  the  tube  also  gave  rise  to  the  beaded  discharge 
characteristic  of  the  direct  current.  The  question  was 
then  open  whether  there  were  oscillations  or  not  and  it 
was  the  purpose  of  this  investigation  to  decide  this  ques- 
tion, if  possible,  to  measure  the  frequency  and  the 
amplitude  of  the  oscillations  and  to  perform  further 
experiments  which  might  throw  light  on  the  nature  of 
the  phenomenon. 

A  part  of  Farwell 's  experiments  were  repeated  by 
means  of  the  same  tube  and  the  same  dynamos.  The 
electrodes  of  the  spark  gap  were  polished  brass  spheres 
one  centimeter  in  diameter  fastened  to  brass  rods  which 
were  supported  by  hard  rubber  blocks  on  a  solid  hard 
rubber  base.  One  of  the  electrodes  was  supplied  with  a 
micrometer  screw  and  an  insulated  handle  which  per- 
mitted an  easy  adjustment  of  the  spark  distance.  The 
connection  of  the  corona  tube  with  the  auxiliary  appa- 
ratus is  shown  in  fig.  1. 

1  Physical  Eeview,  vol.  4,  p.  31,  1914. 
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The  observations  of  Farwell  were  essentially  con- 
firmed. There  was  one  phenomenon,  however,  very  pro- 
nounced and  fairly  regular,  which  Farwell  mentions  only 
occasionally.  If  a  short  spark  is  placed  in  series  with  the 
corona  tube,  at  atmospheric  pressure,  a  few  bright  radial 
pencils  or  streamers  of  light  will  shoot  out  regularly 
from  the  wire  toward  the  tube  (see  fig.  2c)  ;  these 
streamers  increase  in  number  and  in  brightness  as  the 

FIG.  1. 

• 

ELECTRICAL  CONNECTIONS 
40  Generators  500v.  0.5  amp. 


spark  gap  is  opened  and  may  at  times  completely  fill 
the  tube  with  purple  light.  The  phenomenon  is  very 
beautiful  indeed,  especially  in  hydrogen  or  illuminating 
gas,  where  the  streamers  fill  the  tube  with  an  almost  uni- 
form white  or  blue-green  light.  Occasionally  the  begin- 
ning positive  streamers  remind  us  of  the  negative  beads, 
so  that  we  have  as  it  were  a  reversal  of  the  phenomena 
through  the  spark.  The  originally  uniform  positive 
glow  breaks  up  into  streamers,  the  negative  beads  go  over 
into  a  more  or  less  uniform  glow.  A  closer  observation, 
however,  of  the  positive  and  negative  corona  with  a 
spark  in  series  shows  always  differences  so  conspicuous 
that  one  would  hardly  conclude  that  the  effect  is  due  to 
oscillations.  If  there  were  oscillations,  they  could  not  be 
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symmetrical  with  respect  to  the  time  axis.  The  same 
phenomenon  can  also  be  seen  in  a  spherical  glass  bulb  of 
about  8  cm.  diameter,  one  half  of  whose  inner  surface  is 
silvered,  and  connected  with  an  electrode.  The  other 
electrode  is  a  copper  ball  of  3  mm.  diameter  in  the  center 
of  the  glass  bulb.  If  the  tube  is  filled  with  nitrogen  at 
about  one  half  of  an  atmosphere  and  subjected  to  a  poten- 
tial difference  of  4500  volts,  then  the  central  ball  when 
positive  is  covered  with  a  very  thin  uniform  layer  of 
light.  If,  however,  a  small  spark  gap  is  introduced  in  the 
circuit,  more  than  half  of  the  bulb  is  filled  with  most 
beautiful  streamers  of  purple  light.  It  is  indeed  one  of 
the  most  beautiful  phenomena  of  electric  discharge.  If 
we  use  hydrogen  instead  of  nitrogen,  at  somewhat  lower 
pressure,  the  streamers  appear  in  the  same  way  as  in 
nitrogen,  but  in  addition,  the  negative  silver  mirror 
shows  a  most  beautiful  display  of  bright  scintillations. 
Fig.  2a  represents  a  photographic  picture  of  the 
streamers  in  nitrogen.  According  to  the  length  of  the 
spark  gap  the  streamers  may  be  well  separated  from 
each  other,  or  flow  together,  filling  the  tube  with  a  more 
or  less  uniform  light. 

In  order  to  find  the  wave  form  of  the  current  through 
the  tube,  different  methods  suggest  themselves.  The 
oscillograph  and  the  vibration  galvanometer  can  not  be 
used,  because  the  current  is  too  weak  and  the  inertia  ele- 
ment too  large.  Three  methods,  however,  have  been 
used  which  gave  accordant  results ;  the  telephone,  revolv- 
ing lenses  and  a  photographic  plate,  and  a  cathode  ray 
tube  with  a  hot  lime  cathode.  The  last  method  can  be 
made  very  sensitive  and  gives  satisfactory  results. 

In  the  first  experiments  a  telephone  receiver  connected 
in  parallel  with  a  resistance  was  used  in  place  of  a  gal- 
vanometer. The  passage  of  the  faintest  spark  can  be 
detected.  When  the  voltage  is  high  enough  to  produce 
corona,  as  each  consecutive  spark  passes  a  sharp  click 
will  be  heard  in  the  telephone  and  a  flash  of  glow  will 
appear  on  the  wire  in  the  tube.  If  the  sparks  pass  in 
very  rapid  succession  the  glow  will  appear  to  be  prac- 
tically continuous.  The  discharge  between  the  spheres 
has  the  character  of  a  spark  rather  than  of  an  arc.  It  is 
intermittent,  forming  a  white  line  in  the  gas  between 
the  electrodes. 
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FIG.  2. 


FIG.  2.     Corona  discharges  with  and  without  a  series  spark  ;  a,  negative 
b,  negative  with  spark  ;  c,  positive  with  spark  ;  d,  positive. 


FIG.  2a. 
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The  corona  tube  acts  like  a  condenser  charging  up  and 
discharging-  at  intervals  depending  on  the  length  of  the 
spark  gap.  It  can  be  arranged  so  that,  for  long  sparks, 
only  one  spark  passes  per  second,  or  for  short  sparks, 
several  thousand  pass  per  second,  and  as  each  spark 
passes  it  will  register  a  sharp  click  in  the  telephone 
receiver.  On  decreasing  the  spark  length  from  the 


FIG.  3. 
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FIG.  3.     Spark-length  frequency  curves. 

longest  sparking  distance  the  sparks  will  jump  faster  and 
faster  until  for  very  short  spark  lengths  the  sound  in  the 
telephone  passes  practically  out  of  the  audible  range. 

For  a  given  spark  length  more  sparks  pass  per  second 
if  the  axial  wire  is  charged  negatively  than  when  it  is 
charged  positively.  This  is  to  be  expected  since  the 
current  passes  through  the  tube  easier  when  the  wire  is 
negative.  For  a  given  constant  line  voltage  and  air  at 
atmospheric  pressure,  plotting  the  spark  length  against 
the  frequency  of  the  passing  sparks  for  both  positive 
and  negative  wires,  curves  as  shown  in  fig.  3  are  obtained. 
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When  a  condenser  is  placed  in  parallel  with  the  corona 
tube,  the  positive  streamers  do  not  appear  and  the  nega- 
tive beads  are  not  broken  up.  The  results  obtained  with 
the  telephone  are  compatible  with  the  assumption  that 
the  corona  current  with  a  spark  in  series  is  only  inter- 
mittent and  not  oscillatory. 

More  evidence  in  favor  of  this  view  is  arrived  at  by 
means  of  Boys'  method.  It  consists  in  photographing 
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FIG.  4.     Arrangement  for  photographing  the  spark. 

the  spark  directly  as  the  image  from  it  sweeps  across  a 
photographic  plate.  C.  V.  Boys2  used  a  system  of  six 
revolving  lenses  set  in  one  solid  disc.  Each  lens  was 
mounted  a  little  offset  from  the  center  of  the  disc  as 
compared  to  the  adjacent  ones  so  that  the  image  from  it 
would  not  overlap  the  others.  The  arrangement  of  the 
apparatus  is  shown  in  fig.  4.  All  of  the  lenses  have  the 
same  focal  length  so  the  spark  gap  can  be  focused  on  the 
plate  through  any  one  of  them.  The  spark  gap  and  the 
photographic  plate  are  stationary  but  since  the  lenses 
move  the  focus  of  the  spark  shifts  from  one  point  to 
another  across  the  plate  leaving  its  record  of  instanta- 
neous images. 

A  small  motor  drives  the  lenses  at  a  speed  of  about 

2  Phil.  Mag.,  vol.  30,  p.  253 ;    Proc,  Phys.  Soc.,  London,  vol.  9,  p.  1,  1890. 
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FIG.  5a. 


FIG.  56. 


FIGS.  5a,  56.     Photographs  of  oscillatory  and  unidirectional  sparks. 
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6,000  RPM.  The  lenses  are  set  about  four  inches  from 
the  center  of  the  disc  so  that  it  is  possible  to  get  a  linear 
speed  of  approximately  100  feet  per  second  across  the 
face  of  the  photographic  plate. 

By  this  method  it  is  possible  to  analyze  the  spark  and 
to  determine  whether  it  is  of  an  oscillatory  or  unidirec- 
tional character.  An  oscillatory  spark  will  give  an 
irregular  band  of  light  across  the  plate  (see  fig.  5a),  while 
a  unidirectional  spark  leaves  only  a  sharp  line  (see  lines 
infig5b). 

For  rough  determinations  it  is  easy  to  observe  the 
image  of  the  spark  on  the  ground  glass  plate  of  the  cam- 
era and  quickly  find  if  the  spark  is  oscillatory  or 
not.  If  it  is  oscillatory  one  can  observe  the  approxi- 
mate frequency  and  duration  of  the  spark.  For  more 
accurate  determinations  photographs  must  be  made  on 
sensitive  plates  and  observations  and  measurements 
made  from  them. 

Several  observations  were  made  with  this  method  for 
various  spark  lengths  and  speed  of  lenses  using  both  air 
and  hydrogen  in  the  corona  tube.  In  the  first  experiment 
corona  was  produced  in  air  at  a  pressure  of  500  mm.  by  a 
potential  of  14,000  volts.  The  spark  gap  was  about  1-5 
mm.  in  length  and  the  lenses  were  driven  at  a  speed  of 
2,000  RPM.  A  photograph  was  taken  but  the  individual 
sparks  showed  no  trace  of  being  oscillatory. 

To  spread  the  individual  spark  images  out  the  lenses 
were  driven  at  a  higher  speed  of  6,000  RPM.  and  the 
spark  gap  set  at  1-19  mm.  This  arrangement  allowed  a 
passage  of  about  2,500  sparks  per  second  and  a  speed  of 
about  100  feet  per  second  across  the  plate.  The  photo- 
graph, fig.  5b,  clearly  showed  that  the  sparks  were  not  of 
an  oscillatory  character  but  unidirectional,  only  a  sharp 
line  was  recorded  as  each  spark  passed  and  their  dura- 
tion was  less  than  1/100,000  second.  Moreover,  each 
spark  was  a  little  brighter  at  the  negative  electrode, 
showing  that  they  all  passed  in  the  same  direction  and 
were  of  the  same  character. 

With  hydrogen  in  the  tube  at  a  pressure  of  744  mm. 
and  a  potential  of  9,400  volts  photographs  were  taken 
when  the  spark  gap  was  0-75  mm.  and  0-3  mm.  in  length. 
For  the  0-75  mm.  gap  the  frequency  of  the  sparks  was 
about  ten  per  second  producing  a  large  number  of  silvery 
streamers  in  the  corona  tube.  When  the  gap  was  reduced 
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FIG.  G.     Photograph  of  Braun  tube. 
FIG.  7. 


FIG.  7.     Detailed  drawing  of  the  adjustable  hot-lime  cathode. 
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to  0-3  mm.  several  hundred  sparks  passed  per  second  and 
the  corona  tube  was  completely  filled  with  streamers. 
In  every  case  the  sparks  were  unidirectional,  sharp  and 
clean-cut  showing  no  oscillatory  character  whatever. 

In  order  to  confirm  the  results  obtained  by  the  Boys 
method  and  to  determine  the  form  of  the  current  curves 
when  a  spark  is  in  series  a  hot-lime-cathode  Braun  tube 
was  designed  and  constructed  as  shown  in  figs.  6  and  7. 

A  narrow  platinum  strip  P  fastened  to  the  insulated 
brass  blocks  Bj  B2  is  heated  by  an  auxiliary  current  pass- 
ing through  the  leading-hf  conductors  Ct  C2.  A  small 
spot  of  CaO  placed  upon  this  heated  strip  has  a  peculiar 
property  of  giving  off  a  stream  of  slow  moving  electrons 
when  used  as  cathode  in  a  discharge  tube  at  a  very  low 
pressure.  It  is  necessary  to  use  only  a  low  potential  of 
about  400  volts  between  anode  A  and  cathode  C.  The 
block  holding  the  platinum  strip  was  mounted  upon  a 
gimbal  support,  as  shown,  in  order  that  the  soft  cathode 
beam  could  be  easily  adjusted  through  a  hole  in  the  dia- 
phragm D,  fall  upon  the  fluorescent  screen  S  and  there 
produce  a  spot  of  maximum  brightness.  This  double 
adjustment  is  necessary  for  it  is  impossible  to  assure  by 
construction  the  exact  direction  of  the  beam. 

If  a  very  weak  magnetic  field  is  placed  at  right  angles 
to  this  beam  of  slow  moving  electrons  the  beam  will  be 
deflected,  shifting  the  bright  spot  on  the  fluorescent 
screen.  "When  the  magnetic  field  is  alternating  or 
pulsating  the  rapidly  moving  spot  will  cause  a  line  to 
be  seen  on  the  screen.  Now  if  this  line  is  observed  in  a 
mirror  which  rotates  at  right  angles  to  it,  the  line  is 
spread  out  into  a  curve  which  represents  the  variations  in 
the  current  of  the  coil  which  excites  the  magnetic  field. 

The  coil  used  had  about  3,000  turns  of  No.  26  enameled 
copper  wire  wound  in  two  sections  and  mounted  so  that 
it  could  be  fitted  closely  to  the  neck  of  the  tube. 

It  might  be  advantageous  to  note  briefly  some  of  the 
details  necessary  in  constructing  and  operating  the  hot- 
lime-cathode  Braun  tube. 

1.  The  cathode  should  be  adjustable  in  order  to  get  a 
spot  of  maximum  brightness. 

2.  A  diaphragm  D  is  necessary  to  cut  out  extraneous 
lisfht  from  the  hot  platinum  strip  and  to  stop  down  the 
divergent  cathode  beam. 

3.  The   cathode   should   be   as   near   the   fluorescent 
screen  as  the  sensitiveness  of  the  apparatus  permits. 
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4.  CaO  mixed  with  a  small  quantity  of  BaN03  insures 
a  longer  life  to  the  lime  and  may  be  easily  applied  as 
a  paste. 

5.  The  anode  should  be  near  the  cathode,  say  1  cm. 
distant. 

6.  The  potential  may  be   as  low  as   300  volts   and 
preferably  from  a  constant  source  as  storage  cells. 

7.  The  pressure  must  be  very  low  and  may  even  be 
assisted  with  charcoal  and  liquid  air.     Gases  are  given 
off  from  the  lime  cathode  quite  freely  necessitating  con- 
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FIG.  8.     Currents  in  the  spark  and  corona  tube. 

stant  pumping  if  the  tube  is  to  be  used  for  any  length 
of  time. 

With  this  hot-lime-cathode  apparatus  it  was  easy  to 
observe  in  the  rotating  mirror  the  forms  of  the  current 
curves  when  a  spark  passed  and  the  current  flowed 
through  the  corona  tube.  The  field  coil  was  connected  in 
series  with  the  circuit,  (1)  between  the  spark  gap  and  the 
corona  tube,  and  (2)  between  the  corona  tube  and  ground 
or  negative  terminal  of  the  generators  (see  fig.  1).  The 
current  forms  are  sketched  in  fig.  8  as  they  were 
observed  in  both  of  these  positions  and  for  the  condi- 
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tions,  (N)  when  there  was  no  spark,  (S)  when  sparks 
were  passing  slowly  and  (F)  when  sparks  were  passing 
rapidly. 

With  the  coil  in  the  position  (1)  and  with  no  spark,  the 
current  NA  was  observed  to  be  a  small  pulsating  one 
having  an  irregular  and  ragged  edge.  These  irregulari- 
ties are  quite  noticeable  and  are  probably  due  to  poor 
commutation  at  the  machines  as  well  as  fluctuations  in 
their  speed  of  rotation. 

With  a  few  sparks  passing,  say  three  per  second,  the 
current  Sx  suddenly  jumps  to  a  maximum  each  time  a 
spark  passes  and  then  more  gradually  falls  to  zero.  The 
current  is  always  in  one  direction  and  its  maximum  value 
is  larger  than  Nj. 

When  the  spark  gap  is  adjusted  so  that  sparks  pass 
more  rapidly,  the  current  Fj  has  the  same  shape  as  ST 
except  that  the  impulses  are  crowded  closer  together. 

Connecting  the  field  coil  in  the  position  (2),  without 
spark,  the  current  N2  is  quite  constant  giving  a  straight 
line. 

With  only  a  few  sparks  per  second  we  have  a  peaked 
current  form  S2  rising  rapidly  and  decaying  more  slowly 
than  in  Sj. 

For  a  greater  frequency  of  sparks  the  ionization  comes 
into  play  in  a  more  pronounced  fashion.  The  ionization 
current  does  not  have  time  to  reduce  to  zero  between 
consecutive  impulses  from  the  spark  and  so  the  resultant 
effect  is  a  direct  current  F^  with  peaks,  which  correspond 
to  the  sparks  passing  on  the  other  side  of  the  tube,  ordi- 
narily called  a  pulsating  current. 

These  current  forms  are  essentially  the  same  when  the 
wire  is  positive  and  when  it  is  negative.  They  show 
directly  that  there  are  no  oscillations  in  either  the  series 
spark  or  the  corona  tube.  If  there  were  still  surges  or 
oscillations  left,  they  would  have  to  be  exceedingly  weak 
and  of  very  high  frequency.  Oscillations  can  no  doubt  be 
produced  easily  by  means  of  transformers,  the  intermit- 
tent current  passing  through  the  primary  coil.  It  may 
also  be  possible  to  use  the  corona  tube  with  a  third  elec- 
trode of  wire  net  like  an  audion. 

While  the  three  methods  applied  to  the  corona  dis- 
charge show  that  the  current  is  only  intermittent  and  not 
oscillatory,  the  effect  of  the  spark,  destroying  the  nega- 
tive beads  and  giving  rise  to  the  positive  streamers,  is  not 
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yet  explained.  But  during  the  previous  experiments 
some  observations  have  been  made  which  suggest  a  close 
relation  between  the  corona  discharge  and  the  arc,  and 
which  throw  some  light  on  the  complicated  nature  of  the 
corona  itself.  In  the  following  paragraphs  a  brief 
account  of  some  of  these  experiments  will  be  given. 

FIG.  9. 
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It  has  often  been  observed  that  an  arc  easily  forms  in 
the  tube  when  the  line  switch  connecting  the  tube  is 
opened,  especially  when  the  wire  in  the  corona  tube  is 
positive  and  a  fairly  large  current  is  passing  in  the 
discharge. 

The  Curve  A,  fig.  9,  shows  the  current  and  arc-over 
potential  relation  at  different  pressures  for  a  corroded 
steel  wire  0-041  cm.  diameter  strung  in  a  cylinder  3-63  cm. 
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inside  diameter.  The  current  recorded  is  that  passing 
in  the  corona  discharge  just  before  arcing  takes  place. 
It  is  seen  that  it  is  nearly  constant  for  all  pressures. 

Curve  B,  fig.  9,  shows  the  relation  between  pressure 
and  arc-over  voltage  for  this  constant  current.  The 
conclusions  which  have  been  drawn  from  the  available 
data  are  as  follows  : 

1.  For  a  given  configuration  of  electrodes  the  arc- 
over  takes  place  as  soon  as  the  current  has  reached  a 
certain  value  which  is  nearly  constant  for  all  pressures. 

2.  Arc-over    occurs    at   lower    voltages    for    smaller 
wires. 

3.  For  a  constant  current  the  arc-over  voltage  for  the 
positive  wire  is  nearly  a  linear  function  of  the  pressure, 
and  may  be  written 


where,  V  —  arc-over  voltage,  P  —  pressure,  K.==  Radius 
of  wire,  and  a,  b,  c,  are  constants. 

4.  At  low  pressures  arc-over  for  the  negative  wire 
occurs  at  a  less  voltage  than  for  the  positive  wire. 

5.  At  high  pressures  (near  atmospheric)  arc-over  for 
the  positive  wire  takes  place  at  a  less  voltage  than  for 
the  negative  wire. 

The  water  resistance  connected  between  the  generators 
and  the  main  bus  bar  was  replaced  by  a  0-5  ampere  fuse 
in  order  to  see  if  it  had  any  effect  on  the  corona  discharge 
with  and  without  a  spark.  The  visual  forms  were 
studied  with  the  coaxial  cylinders  (the  inner  one  No.  20 
copper  wire)  as  well  as  with  parallel  (No.  20  copper) 
wires  as  electrodes. 

With  the  cylindrical  electrodes  the  general  results 
obtained  showed  that  the  usual  characteristic  visual 
forms  of  the  corona  discharge  were  not  materially  altered 
either  for  positive  wire  or  negative  wire,  with  and  with- 
out a  series  spark.  The  only  noticeable  change  was  an 
increased  brightness  in  the  positive  uniform  glow, 
streamers  and  negative  beads.  With  the  water  resist- 
ance cut  out  the  available  energy  was  increased  about  100 
times  or  in  other  words  to  10  kilowatts.  The  negative 
beads  and  the  positive  streamers  while  much  brighter 
were  also  in  a  more  agitated  state  moving  rapidly  back 
and  forth  'on  the  wire  and  would  go  over  into  the  arcing 
stage  much  easier  than  they  would  with  water  resist- 
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ance  connected.  The  axial  wire  was  No.  20  copper 
tightly  stretched  but  it  was  easily  set  into  violent  vibra- 
tions, at  739  mm.  pressure  and  12,700  volts,  within  a  few 
seconds  after  closing  the  line  switch.  The  applied  poten- 
tial fluctuated  at  times  as  much  as  100  volts  resulting  in 


FIG.  10. 
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the  more  unsteady  discharge.  The  water  resistance  has 
the  effect  of  damping  out  the  smaller  variations. 

The  ease  with  which  the  arc  formed  was  also  noticed  in 
experiments  with  No.  20  wires  strung  parallel  to  each 
other,  spaced  \y%  inches  apart  and  sealed  into  a 
glass  tube. 

While  working  with  hydrogen  it  was  noticed  that  when 
the  wire  was  at  a  given  potential  above  the  critical  glow 
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voltage,  the  current  in  the  beads  would  increase  with  the 
time,  the  beads  would  increase  in  size  and  in  a  short  time 
would  combine  to  form  an  arc.  Detailed  observations 
were  made  on  this  point. 

On  closing  the  switch  several  beads  were  formed  which 
soon  combined  into  one,  much  larger  and  brighter  as 
shown  in  fig.  lOa,  This  bead  seemed  to  take  hold  on  the 
wire  at  a  surface  irregularity  and  remain  fixed.  A  bright 
reddish  spot  on  the  wire  formed  the  base  of  the  bead, 


FIG.  10a. 


Evolution  of  beads  into  the  arc. 


while  a  bright  blue-white  core  extended  out  from  that 
toward  the  bright  spots  on  the  edge  of  the  observation  slot 
and  shaded  off  into  a  milky  glow  or  brush.  As  time  pro- 
ceeded the  core  grew  larger  and  brighter  and  the  milky 
glow  of  the  brush  reached  farther  toward  the  tube,  as  in 
B.  Soon  a  faint  reddish  glow,  C,  appeared  in  the  gas 
proceeding  from  the  bright  spots  on  the  tube  and  extend- 
ing toward  the  bead.  This  glow  continued  to  increase  in 
brightness  for  a  short  time  until  the  arc  D  flashed  into 
existence.  The  arc  had  a  very  bright  tubular  blue-white 
core  surrounded  by  a  hazy  reddish  glow  and  extended 
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from  a  bright  reddish  spot  on  the  wire  to  a  bright  white 
one  on  the  tube.  We  may  now  speak  of  the  negative 
beads  and  perhaps  the  positive  streamers  as  miniature  or 
beginning  arcs  which  unite  to  form  a  single  arc  when  the 
current  density  reaches  a  certain  value. 

The  curve  in  fig.  10  will  serve  to  show  how  the  current 
in  the  streamers  increases  with  the  time.  At  a  potential 
of  11,850  volts,  somewhat  above  that  for  starting  corona 

FIG.  11. 
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glow  in  air  at  751  mm.  pressure,  a  spark  gap  of  0-18  mm. 
length  was  placed  in  series  with  the  tube.  Readings  of 
the  current  were  taken  at  intervals  of  five  seconds  and 
when  plotted  resulted  in  the  given  curve.  An  arc 
passed  shortly  after  20  seconds  but  the  maximum  current 
before  it  occurred  was  not  obtained. 

The  increase  of  the  current  depends  largely  on  the 
sparking  distance  and  on  the  applied  voltage  (see  curve  1 
fig.  11).  When  the  spark  distance  from  zero  is  increased 
the  current  for  the  positive  streamers  decreases  at  first 
accompanied  by  a  decreased  brightness  of  the  uniform 
glow,  reaches  a  minimum  value,  and  as  the  streamers 
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appear  rises  to  a  maximum  rapidly  and  falls  off  to  zero 
for  a  large  spark  distance.  The  streamers  are  brightest 
at  the  maximum  current  value  and  are  always  connected 
with  a  large  current.  The  corresponding  negative 
curves  show  no  such  a  maximum.  With  increasing  volt- 
age the  positive  current  increases  very  rapidly.  When  a 
current  of  air  was  sweeping  through  the  tube  the  maxi- 
mum in  the  positive  current  was  much  decreased  as 
shown  by  fig..  11. 

The  ordinary  characteristic  current-voltage  curves  as 
obtained  in  the  process  of* experiments  without  a  series 
spark  give  the  negative  characteristic  as  lying  above  the 
positive.  This  relative  position  is  maintained  in  all 
cases,  with  one  or  two  minor  exceptions. 

When  a  short  spark  is  placed  in  series  with  the  corona 
these  positions  are  reversed  and  the  positive  curve  lies 
above  the  negative,  except  at  the  starting  point  where  the 
curves  cross  giving  a  lower  starting  potential  for  the 
negative  wire  (see  fig.  12).  However,  the  starting 
potential  with  the  spark  in  series  is  higher  than  for  the 
other  case.  It  might  be  pointed  out  also  that  the  char- 
acteristics taken  with  a  series  spark  are  more  widely 
separated  than  those  taken  without,  showing  a  wider 
variation  in  the  current  from  the  positive  and  negative 
wires  for  a  given  voltage. 

It  was  found  when  the  spark  gap  was  closed  while 
current  was  flowing  that  the  current  would  drop  in  a 
short  time  to  a  position  on  the  ordinary  characteristic 
curve.  For  instance,  if  the  wire  is  positive  at  11,000 
volts  and  a  0-12  mm.  spark  is  in  series,  a  current  of 
6-2.10~4  amperes  will  flow.  Short-circuiting  the  spark 
gap  will  cause  the  current  to  drop  to  the  value  4-6.10  4 
amperes  which  is  a  point  on  the  ordinary  positive  charac- 
teristic curve.  Similarly  by  short-circuiting  the  spark 
gap  when  the  wire  is  negative  the  current  will  increase 
to  a  value  which  lies  on  the  ordinary  negative  character- 
istic. These  observations  again  show  that  the  positive 
streamers  carry  a  large  current. 

Without  a  spark  jrap  in  series  with  the  tube  .  the 
ordinary  uniform  positive  glow  is  formed  by  ionization 
in  the  sras  near  the  wire  where  the  field  strength  is  greater 
than  thirty  kilovolts  per  centimeter,  the  current  being- 
carried  by  both  positive  and  negative  ions.  The  usual 
negative  corona  discharge  begins  critically  as  a  uniform 
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glow  similar  to  that  of  the  positive  discharge  but  has  a 
greater  thickness.  The  brushes  or  negative  beads  soon 
formed  by  a  slight  potential  increase  bear  a  similarity  to 
the  arc,  and  in  addition  from  the  position  of  the  negative 
characteristic  curves  and  the  influence  which  the  surface 
condition  and  the  material  of  the  wires  have  on  them3 

FIG.  12. 
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lead  us  to  the  belief  that  an  electron  emission  is  present 
in  addition  to  ionization  by  collision  in  the  gas. 

The  case  is  somewhat  different  when  a  series  spark 
gap  is  used.  We  may  consider  the  corona  tube  as  a 
leaky  condenser  connected  in  series  with  a  spark  gap  and 
a  constant  source  of  high  potential.  A  charge  will  build 

3 ' l  Direct  Current  Corona  from  Different  Surfaces  and  Metals, ' '  Phys. 
Rev.,  October  1916. 
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up  on  the  condenser  until  the  potential  difference  of  the 
spark  gap  is  sufficient  to  break  down  the  air  between  the 
electrodes.  An  instantaneous  unidirectional  current  will 
flow  across  the  spark  gap  and  at  the  same  time  the  poten- 
tial across  the  tube  will  increase  to  a  point  where  the 
corona  is  formed.  The  current  now  through  the  tube  will 
immediately  reduce  the  potential  of  the  spark  gap  below 
its  critical  point  and  the  circuit  will  be  broken.  The  pro- 
cess is  then  repeated. 

The  more  nearly  uniforjii  appearance  of  the  negative 
corona  can  now  be  explained  as  a  superimposed  building 
up  and  decay  of  the  negative  glow  discharge  through  its 
different  stages  as  the  potential  on  the  tube  fluctuates. 
The  positive  streamers  have  at  times  been  observed  at 
critical  voltages  on  rough  wires  when  no  spark  was  in 
series.  These  streamers  are  similar  to  the  positive  brush 
discharges  observed  from  pointed  electrodes  maintained 
at  high  positive  potentials.  Their  characteristic  pres- 
ence in  the  corona  tube  when  a  spark  is  in  series  is  due 
probably  to  the  sudden  impression  of  a  strong  field  and 
may  be  accompanied  by  a  discharge  of  positive  metallic 
ions,  since  it  has  been  observed  that  the  surface  of  the 
wire  becomes  disintegrated  at  points  where  these  stream- 
ers are  maintained. 

t 

SUMMAEY. 

1.  A  spark  gap   in  series  with  the  discharge   tube 
affects  the  positive  and  negative  corona  in  very  charac- 
teristic and  striking  ways. 

2.  The  changes  are  due  to  intermittent  currents. 

3.  A  hot-lime-cathode  Braun  tube  has  been  developed 
and  used  in  observing  the  weak  pulsating  currents  which 
pass  through  the  spark  and  the  corona  tube. 

4.  Evidence  has  been  given  to  show  the  relation  of 
the  corona  to  the  arc  discharge. 

5.  An  attempt  at  an  explanation  of  the  pulsating  cur- 
rent has  been  made. 

In  conclusion  I  wish  to  thank  Dr.  Jakob  Kunz  for  sug- 
gesting this  work  and  for  his  kind  interest  and  help  dur- 
ing its  progress.  I  am  also  indebted  to  Professor  A.  P. 
Carman  who  has  provided  the  necessary  facilities  for 
the  investigation. 

Laboratory  of  Physics,  University  of  Illinois,  December,  1917. 
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AN  IMPROVED  FORM  OF  MERCURY  VAPOR  AIR  PUMP. 


CHAS.  T.  KNIPP — University  of  Illinois. 


(Abstract.) 

The  mercury  vapor  pump  described  in  this  paper  retains  the  same 
simple  valve  arrangement  described  recently  by  the  writer,*  but  on  the 
other  hand  replaces  the  umbrella  that  deflected  the  mercury  vapor 
downward  through  an  annular  throat  by  the  commonly  used  aspirator 
nozzle  through  which  the  vapor  issues  vertically  upwards.  This  neces- 
sitates an  interchange  of  connections  leading  to  the  supporting  pump 
and  the  vessel  to  be  exhausted. 

This  pump,  single  stage,  will  operate  on  any  oil  supporting  pump 
of  the  grade  of  the  Nelson  pump.  In  addition  to  its  speed,  its  simplicity 
of  design  and  ease  of  construction  are  important  points,  and  when  con- 
structed of  pyrex  glass  is  durable. 

The  paper  also  gives  the  data  obtained  when  several  of  these  pumps 
are  placed  in  tandem.  Again,  a  three-stage  pump  retaining  the  same 
general  principle  is  described,  designed  to  operate  on  a  poorly  working 
water  aspirator  as  a  supporting  pump.  The  mercury  vapor  for  each 
stage  is  supplied  from  the  same  boiler,  yet  at  different  pressures,  the 
highest  pressure  to  the  first  stage  exhausting  into  the  aspirator.  Sam- 
ple pumps  and  sketches  were  exhibited. 
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A  PHOTO-ELECTRIC  DETERMINATION  OF  THE 
BRIGHTNESS  OF  THE  CORONA  AT  THE 

ECLIPSE  OF  JUNE  8,  1918 
BY  JACOB  KUNZ  AND  JOEL  STEBBINS 

A  general  account  of  the  eclipse  expedition  to  Rock  Springs 
from  the  University  of  Illinois  has  been  given  in  Popular  Astronomy, 
26,  665,  1918.  It  was  our  purpose  to  secure  accurate  measures  of 
the  light  of  the  corona  as  it  affects  a  photo-electric  cell,  which  if 
successful  would  form  the  basis  of  further  studies  of  the  corona 
at  subsequent  eclipses,  an  excellent  opportunity  for  which  is  prob- 
ably coming  in  1923.  A  glance  at  the  results  of  photometric  work 
at  past  eclipses  shows  a  curious  discrepancy  between  the  work  of 
different  investigators,  and  the  reported  values  of  the  coronal  light 
indicated  cither  a  great  change  between  one  eclipse  and  the  next, 
or  that  the  methods  and  instruments  used  were  so  different  that 
it  is  doubtful  whether  the  observers  were  all  measuring  the  same 
thing.  It  was  also  true  that  in  most  cases  the  photometry  of  the 
eclipse  was  only  an  incidental  feature  of  the  program,  and  no  great 
effort  was  made  to  get  the  best  possible  results.  For  these  reasons 
it  seemed  to  us  that  it  would  be  worth  while  to  devote  our  entire 
energies  to  measuring  the  total  light  of  the  corona,  and  the  use  of 
the  photo-electric  cell  promised  distinct  advantages  over  visual  or 
photographic  methods. 
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Tests  made  some  months  in  advance  indicated  that  several 
photo-electric  cells  which  we  .had  on  hand  would  give  satisfactory 
measures  of  lights  as  faint  as  the  crescent  moon,  an  illumination 
at  the  cell  equal  to  only  a  few  hundredths  of  a  candle-meter. 
These  measures  were  possible  with  a  d'Arsonval  galvanometer  of 
no  great  sensitivity,  and  it  seemed  probable  that  the  corona  would 
be  bright  enough  to  be  measured  with  such  equipment  as  we  could 
set  up  at  a  temporary  station,  far  from  the  conveniences  of  a 
laboratory. 

Our  procedure  was  to  expose  a  photo-electric  cell  directly  to 
the  corona  at  the  time  of  totality,  and  compare  the  galvanometer- 
deflection  then  obtained  with  the  deflection  caused  by  standard 
lights  at  known  distances  before  and  after  the  eclipse.  As  the 
cell  was  constant  in  its  action  and  would  give  the  same  current  for 
the  same  light  for. several  days  in  succession,  there  was  no  need  for 
manipulating  the  lamps  during  the  precious  seconds  of  totality. 
It  was  also  proposed  to  compare  the  corona  with  the  moon,  which 
would  serve  as  a  permanent  standard  of  light,  and  also  with  a 
definite  area  of  the  sky  both  during  the  eclipse  and  in  full  sunshine. 
This  last  comparison  would  give  some  estimate  of  the  possibility 
of  using  the  photo-electric  cell  in  attempts  to  detect  the  corona 
without  an  eclipse. 

Each  of  the  photo-electric  cells  which  we  ordinarily  employ 
has  a  glass  bulb  of  about  25  mm  diameter,  and  as  the  sensitive 
surface  covers  nearly  a  hemisphere  we  may  take  a  circular  area  of 
25  mm  diameter  as  the  portion  sensitive  to  light.  The  two  cells 
actually  used,  however,  had  a  diameter  of  40  mm  and  were  mounted 
in  exactly  the  same  way  in  two  similar  tubes,  which  made  a  double- 
barreled  arrangement.  Each  cell  was  placed  in  a  box  with  a 
25-mm  circular  opening,  which  was  central  at  the  end  of  a  tube 
100  mm  in  diameter  and  about  122  cm  long.  At  the  upper  end 
of  this  tube  there  was  a  diaphragm  89  mm  in  aperture,  which  was 
at  an  effective  distance  of  127  cm  from  the  sensitive  cell.  From 
these  dimensions  it  follows  that  any  point  on  the  cell  was  illuminated 

by  a  circle  of  sky  with  radius  =  arc  tan  -   —  =  2?o.     It  also  may  be 
derived  that  the  clear  field  of  the  apparatus  was  3°  in  diameter, 
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which  was  enough  to  include  all  of  the  corona  and  to  allow  for  the 
diurnal  motion  during  the  minute  and  a  half  of  totality.  It  was 
therefore  unnecessary  to  provide  any  driving  arrangement,  and  the 
tubes  were  simply  pointed  at  the  sun's  position  at  the  middle  of  the 
eclipse.  A  series  of  diaphragms  were  inserted  at  intervals  of  15  cm 
in  each  tube,  carefully  arranged,  so  that  no  part  of  the  cell  would 
receive  light  from  the  side  of  the  tube. 

The  twin  tubes  were  fastened  to  an  equatorial  mounting,  two 
stops  provided  in  declination,  which  allowed  just  8°  motion.  Dur- 
ing totality  the  tubes  were  turned  back  and  forth  from  the  sun  to 
the  sky  8°  north,  which  was  ample  to  take  the  corona  safely  out  of 
the  field. 

Each  cell-box  was  readily  detached  from  its  tube  and  could  be 
placed  on  a  photometer  bench  for  measures  of  the  standard  lamps. 
No  lenses  or  windows  of  any  kind  were  interposed  between  the  cell 
and  the  light-source  to  be  measured,  though  of  course  there  was  the 
glass  wall  of  the  cell,  which  cannot  be  eliminated. 

The  photometer  bench  at  the  station  was  a  rack  fastened  to  the 
side  of  the  building,  and  the  distance  from  light  to  cell  could  be 
varied  from  i  to  3  meters.  Between  the  light  and  the  cell  was  a 
set  of  telescoping  tubes  with  proper  diaphragms,  which  kept  out  all 
stray  light. 

For  source  of  potential  for  the  photo-electric  cells  we  used  some 
seventy-five  small  flash-light  batteries  of  three  cells  each,  giving  a 
total  of  about  300  volts.  These  commercial  batteries  are  quite 
good  enough  for  many  testing  purposes,  and  we  prefer  them  to 
storage  cells,  which  require  constant  attention.  For  the  needs  at 
the  temporary  station  they  served  the  purpose  admirably. 

Altogether  we  had  four  galvanometers  available,  three  of  Leeds 
&  Northrup  and  one  by  Weston.  The  two  definitely  used  were  a 
Leeds  &  Northrup  Type  R  instrument  with  a  constant  of  6Xio~10 
amperes  for  i  mm  deflection  at  i -meter  scale-distance,  and  the 
other  with  a  similar  constant  of  2Xio~10  amperes-.  As  used  with 
damping  shunts,  the  times  to  secure  full  deflection  were  6  and  10 
seconds  respectively.  Each  galvanometer  has  a  plane  mirror  and 
was  used  with  a  view  telescope  and  scale  at  2  meters.  The  circuit 
for  each  cell  consisted  simply  of  the  battery,  photo-electric  cell, 
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galvanometer,  and  a  guard  resistance  of  100,000  ohms,  all  con- 
nected in  series.  Exposure  of  the  cell  to  light  gives  the  current  to 
be  measured,  and  the  high  resistance  in  circuit  obviates  the  danger 
of  spoiling  a  cell  by  too  high  a  potential.  The  critical  or  glowing 
voltage  of  a  cell  is  some  ten  volts  higher  in  the  dark  than  in  a  strong 
light. 

Various  investigators  have  had  difficulty  with  a  non-linear  rela- 
tion between  light  and  current  for  the  photo-electric  cell.  One 
of  us  has  already  shown1  that  for  our  cells  the  current  is  very  nearly 


0.40 


0.60 


0.80 


Intensity 
FIG.  i. — Calibration  of  photo-electric  cell 

proportional  to  the  light,  and  for  faint  sources  like  the  stars  this  is 
especially  the  case.  We  give  herewith  the  calibration  of  the  cell, 
which  was  made  on  June  8  shortly  after  the  eclipse,  and  which  was 
actually  used  for  determining  the  light  of  the  corona.  In  Fig.  i 
the  intensities  are  on  the  basis  of  the  inverse  square  of  the  distance 
from  lamp  to  cell. 

The  color-sensibilities  of  photo-electric  cells  have  not  been 
thoroughly  studied  in  general,  but  we  have  definite  results  for  the 
potassium  cell  which  was  used  at  the  eclipse.  Fig.  2  shows  the 
curve  as  determined  by  Mr.  T.  Shinomiya  in  our  physics  laboratory. 
The  energy  of  the  beam  of  light  which  affected  the  cell  was  measured 
with  a  thermo-couple,  and  the  results  are  all  reduced  to  equal 

1  Astrophysical  Journal,  45,  69,  1917. 
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energies.  The  curve  is  not  yet  complete  in  the  ultra-violet,  as 
the  energy  becomes  so  small  as  to  require  a  more  sensitive  arrange- 
ment for  its  measurement.  From  rough  measures  and  various 
considerations  we  know  that  this  cell  is  very  insensitive  to  radiation 
of  wave-length  shorter  than  4000  A,  and  the  effective  maximum 
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FIG.  2.— Color-sensibility  curve  of  a  potassium  photo-electric  cell 

sensibility  of  the  cell  is  therefore  toward  the  red  from  the  maxi- 
mum of  the  ordinary  unstained  photographic  plate.  The  "color- 
equation"  of  the  potassium  cell  used  in  our  stellar  photometry  is 
0.86  magnitude. 

Our  main  reliance  for  a  standard  of  light  was  an  amyl-acetate 
candle,  or  Hefner  lamp,  the  same  as  used  by  Stebbins  and  Brown 
in  measures  of  the  light  of  the  moon  by  means  of  a  selenium  cell.1 

1  Astro  physical  Journal,  26,  326,  1907. 
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The  wick  is  of  8  mm  diameter,  and  the  height  of  the  flame  is 
regulated  to  40  mm.  The  amyl  acetate  was  purified  by  distillation 
between  137°  and  143°  C.  Although  this  candle  is  much  more 
troublesome  to  use  than  a  low- voltage  electric  lamp,  nevertheless 
it  is  easy  to  reproduce  after  a  long  period  of  time,  and  seems  to  be 
the  best  source  to  rely  upon  for  comparisons  of  the  corona  at 
different  eclipses.  No  measures  were  taken  with  the  candle  unless 
it  had  been  burning  for  some  time,0  preferably  for  half  an  hour. 

We  also  had  two  electric  pyrometer  lamps,  secured  from  the 
Nela  Research  Laboratory,  which,  although  not  designed  for  this 
kind  of  work,  served  very  well  for  tests  and  calibrations  of  the 
photo-electric  cells  and  as  checks  upon  the  standard  candle. 
Another  lamp,  which  had  been  calibrated  and  sent  to  us  by  the 
Bureau  of  Standards,  was  unfortunately  burned  out  by  accident 
before  we  had  used  it  at  the  station. 

Since  much  of  the  preliminary  work  was  experimental,  we  shall 
give  only  the  intercomparisons  of  the  lamps  which  were  made  at  the 
station,  as  these  were  under  the  exact  conditions  at  the  time  of 
the  eclipse.  The  electric  lamps  are  designated  by  NI  and  N2, 
require  about  4  volts,  and  each  was  burned  at  0.60  ampere,  as 
determined  with  a  precision  ammeter.  The  comparison  of  the 
lamps  with  the  candle  by  means  of  the  potassium  cells  gave  the 
ratios  presented  in  Table  I.  We  adopt  0.93  candle-power  for  N, 
as  measured  by  a  potassium  cell,  while  the  light  of  N2  was  0.79 
that  of  Nt.  As  far  as  accidental  errors  are  concerned,  these 
measures  are  quite  satisfactory,  but  we  have  not  made  an  exhaus- 
tive study  of  the  candle  at  widely  different  dates.  For  the  elec- 
tric lamps,  NI  and  N2,  the  measures  were  really  only  a  check  upon 
the  readings  of  the  ammeter,  as  a  small  change  in  the  current  was 
as  readily  determined  by  the  light-effect  shown  by  the  galvanometer 
as  by  the  motion  of  the  ammeter  needle.  We  expect  to  keep  all 
of  these  standards  of  light  for  the  next  eclipse. 

We  were  able  to  compare  our  candle  with  an  electric  lamp  which 
Mr.  Parkhurst  brought  over  from  Green  River  to  our  station  on 
June  5.  Measured  with  cell  Kii3  his  lamp  at  5.4  volts  gave 
10.4  candles,  as  compared  with  the  Bureau  of  Standards  visual 
tests,  which  gave  4.65  candles  at  the  same  voltage.  The  differ- 
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ence  is  due  to  the  filament  of  this  electric  lamp  being  much  whiter 
than  the  amyl-acetate  flame,  and  the  blue-sensitive  photo-electric 
cell  naturally  gives  a  higher  value  than  the  eye  does  when  a  white 
light  is  expressed  in  terms  of  a  yellow  one. 


TABLE  I 

COMPARISON  OF  LAMPS,  CELL  Kii3 


Date 

N,/Camlle 

Residual 

Date 

N,/N! 

Residual 

June  4  

O.Q2 

—  O.OI 

June  6  

0.78 

—  O.OI 

June  6  

•93 

.00 

June  8  

•79 

.00 

.92 

-     .OI 

•79 

.00 

•93 

.00 

.78 

—    .01 

June  8  

•93 

.00 

.78 

—    .01 

.92 

—     .OI 

.78 

—    .OI 

•94 

+     -01 

June  9  

.80 

+     -01 

.96 

+     -03 

•79 

.00 

June  9  

•93 

.00 

•79 

.00 

.92 

—     .OI 

.80 

+     -01 

Mean  .    . 

0-93 

=«=  o  .  008 

Mean.  .  . 

0.79 

=*=  0.006 

COMPARISON  OF  LAMPS,  CELL 


N,/Candle 

N,/Ni 

June  9  

0-94 
0.92 

0.8o 
.80 
80 

.80 

Mean  

0-93 

0.80 

The  program  during  totality  provided  for  a  first  exposure  to 
the  corona  and  sky  background,  then  to  the  sky  8°  north  of  the 
sun,  back  to  the  corona,  and  so  on,  with  one  stop  to  check  the  zero 
of  the  galvanometer.  As  full  galvanometer  deflection  was  secured 
in  ten  seconds  or  less,  it  was  convenient  to  take  readings  every  ten 
seconds,  and  the  photometer  tubes  were  moved  at  tach  count  of 
ten  and  then  left  undisturbed.  The  metronome  used  for  timing 
was  regulated  to  beat  100  times  in  the  95  seconds  of  totality,  and 
we  thus  got  in  ten  counts  of  ten  each,  the  half-second  lost  in  each 
ten  being  unnoticed.  The  start  at  second  contact  was  probably 
quite  accurate,  as  the  sun  reappeared  within  one  second  of  the 
hundredth  count. 
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The  exposures  to  the  sky  8°  north  of  the  sun  required  that  there 
should  be  no  clouds  in  that  direction,  and  we  were  very  fortunate 
in  that  the  clear  space  just  before  totality  came  from  the  northwest, 
and  during  the  critical  time  the  sky  was  perfect  for  our  purpose. 
It  would  have  been  impossible  to  change  at  the  last  minute  and 
turn  the  instrument  in  any  direction  but  north.  As  very  little  of 
the  sky  illumination  during  a  total  eclipse  comes  from  the  corona, 
it  is  safe  to  consider  the  sky  background  close  to  the  sun  to  be  the 
same  as  at  some  distance  away. 

The  two  cells  which  were  to  be  used  were  the  potassium  cell, 
Kii3,  in  a  circuit  of  moderate  sensitiveness,  and  a  rubidium  cell 
which  had  a  voltage  applied  almost  up  to  the  glowing-point,  so 
as  to  get  the  maximum  effect.  A  false  start  just  before  second 
contact  flashed  the  rubidium  cell,  and  it  could  not  be  brought 
back  into  adjustment  in  the  short  time,  so  that  this  half  of  the 
program  was  lost.  The  safe  side  of  the  combination  worked  per- 
fectly, however,  and  Mr.  Kunz  found  that  the  readings  were  made 
with  perfect  ease.  Our  advance  estimate  was  that  the  initial 
deflection  from  the  corona  plus  sky  background  would  be  5  scale- 
divisions  with  the  potassium  cell  and  12  with  the  rubidium.  We 
were  prepared  to  observe  deflections  say  ten  times  smaller  and  up 
to  fifty  times  larger  than  the  estimate,  and  we  felt  safe  that  the 
readings  would  not  go  off  the  scale.  The.  actual  result  was  a  deflec- 
tion of  33  divisions  with  the  potassium  cell,  or  nearly  seven  times 
the  amount  estimated. 

Table  II  gives  the  readings  and  results  during  the  eclipse.  In 
the  first  column  are  the  times  of  reading,  counting  100  to  the  dura- 
tion of  totality.  The  second  column  is  self-explanatory.  The 
readings  in  the  third  column  are  just  as  they  were  put  down  at  the 
time,  the  observer  noting  afterward  that  where  no  tenths  were 
recorded  the"  whole  division  was  exact  within  one-  or  two-tenths. 
These  readings  show  a  gradual  shift  of  the  zero  from  90 .  o  to  89 . 5 
during  the  course  of  the  measures,  and  this  has  been  allowed  for 
in  the  deflections  in  the  next  column.  This  would  have  been  called 
a  large  shift  of  the  zero  under  the  preliminary  conditions,  but  alto- 
gether it  was  fortunate  that  nothing  worse  came  up  during  totality. 
The  fifth,  sixth,  and  seventh  columns  were  derived  from  the  calibra- 
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tion  shown  in  Fig.  i,  where  the  four  deflections  from  the  corona 
and  sky,  also  the  sky  alone,  are  marked  on  the  curve.  Consider- 
ing the  first  deflection  of  33.0  divisions,  it  is  found  that  this  cor- 
responded to  an  illumination  of  0.682,  the  unit  being  the  light 
from  Nj  at  i  meter.  Subtracting  the  sky  effect  of  0.072  in  the 
same  unit,  we  have  the  corona  equal  to  0.610  of  Nr  at  a  meter. 
Multiplying  this  by  0.93  and  rounding  off  one  place  we  get  0.57 
candle-meters  for  the  corona. 

TABLE  II 
OBSERVATIONS  DURING  TOTALITY 


TIME 

EXPOSURE  TO 

GALVA- 
NOMETER 
READING 

DEFLECTION 

UNIT  =  NI  AT  i  METER 

CORONA  IN 
CANDLE- 
METERS 

Corona  + 
Sky 

Sky 

Corona 
Alone 

O.  .  . 
IO.  .  . 
20.  .. 
30.  .  . 
40.  .  . 
50.  .  . 
60.  .  . 
70.  .  . 
80.  .  . 
90.  .. 
100.   .  . 

Mean 

Dark 
Corona  -f-  Sky 
Sky 
Corona  +  Sky 
Sky 
Corona  -f  Sky 
Dark 
Sky 
Corona  -f  Sky 
Sky 
Dark 

div. 
90 
123 
93 
125 
93 
124 
89.8 
92.8 
126 
93-2 
89-5 

div. 

0.0 

33-0 
31 
3S-i 
3-i 
34-2 

0.0 

3-i 
36.3 
3-6 
o.o 

0.682 
0.723 
o  .  705 

0.746 

0.072 
O.O72 
O.O72 

0.610 
0.651 
0.633 

0-57 
0.61 

0-59 

0.077 

0.669 

0.62 

0.60 

The  differences  between  the  four  values  in  the  last  column  are 
considered  to  be  real,  but  we  are  unable  to  say  with  certainty 
whether  or  not  the  variation  is  due  to  the  motion  of  the  moon  over 
the  inner  corona  and  chromosphere.  From  the  report  of  our  assist- 
ants, who  were  in  the  open,  there  was  absolutely  no  haze  near  the 
sun  during  totality,  so  we  think  it  improbable  that  the  differences 
are  due  to  variable  transparency  of  the  atmosphere.  As  photo- 
metric measures  go,  however,  the  measures  agree  well  enough,  with 
a  range  of  less  than  10  per  cent.  If  it  had  been  possible  to  carry  out 
our  complete  program  we  should  have  had  eight  readings  on  the 
corona  instead  of  four,  and  these  slight  variations  would  have 
been  checked;  but  for  the  mean  value  in  candle-meters  the  four 
readings  are  quite  sufficient. 
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We  may  now  consider  additional  comparison  measures  which 
were  made  at  the  station  before  and  after  the  eclipse.  It  was 
intended  to  take  a  long  series  of  readings  on  the  brightness  of  the 
sky  as  the  eclipse  came  on,  but  the  presence  of  clouds  prevented 
this.  We  did  obtain,  however,  a  few  exposures  to  the  clear  sky 
shortly  after  first  contact.  With  an  aperture  of  4.57  mm  at  the 
upper  end  of  the  photometer  tube,  the  potassium  cell  was  exposed 
at  G.M.T.  iohi6m  to  the  sky  8°  north  of  the  sun.  The  mean  of 
several  deflections  was  47.2  divisions,  as  compared  with  31.5 
divisions,  the  average  deflection  from  the  corona.  For  this  purpose 
we  may  assume  a  linear  relation  between  light  and  current.  It 
is  convenient  to  reduce  the  sky  measure  to  that  of  a  circle  of  |° 
diameter,  and  a  factor  o .  93  is  introduced  because  about  7  per  cent 
of  the  sun's  disk  was  covered  by  the  moon  at  the  time  of  measure- 
ment. We  have  then 

Corona  31. 5/     0.457    V_ 

Sky  circle  Jb  diameter         93  47 . 2  ^127  tan  \°) 

or  the  corona  gave  one-tenth  the  light  of  an  area  of  daylight  sky 
of  the  apparent  size  of  the  sun  and  8°  distant.  This  refers  to  the 
Wyoming  sky,  which  was  clear  and  blue  at  the  time,  and  the  alti- 
tude of  the  station  was  about  6500  ft.  above  sea-level. 

From  the  readings  in  Table  II  the  4°  circle  of  sky  gave  a  deflec- 
tion of  3 .  i  divisions,  or  one-tenth  the  effect  of  the  corona.  Redu- 
cing to  a  circle  of  |°  diameter,  this  makes  the  corona  640  times  as 
bright  as  that  area  of  the  sky  during  totality.  It  follows,  therefore, 

640 

that  the  sky  intensity  was  reduced  -      -  =  6ioo-fold  by  the  moon's 

0.105 

shadow.  As  the  decrease  from  sun  to  full  moon  is  something  like 
one  hundred  times  greater  than  this,  and  the  corona  is  fainter  than 
the  moon,  it  follows  that  less  than  i  per  cent  of  the  sky  illumination 
during  totality  came  from  the  corona. 

It  was  planned  to  get  measures  of  the  full  moon  before  leaving 
Urbana  for  the  West,  but  bad  weather  prevailed.  We  did  succeed 
in  getting  test  measures  at  Rock  Springs  on  the  waning  moon  on 
two  mornings  just  before  dawn.  However,  we  were  especially 
fortunate  in  having  two  clear  nights  on  our  return  to  Urbana  two 
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weeks  after  the  eclipse,  and  the  moon  was  measured  on  June  23 
just  before  it  entered  the  penumbra  of  the  earth's  shadow.  This 
was  as  nearly  an  uneclipsed  full  moon  as  can  ever  be  observed. 

Table  III  gives  the  measures  of  the  moon  and  the  results.  The 
fourth  column  contains  the  observed  values  of  the  moon's  light, 
the  fifth  the  reduction  to  mean  distance  of  moon  and  sun,  and  the 
sixth  the  correction  for  atmospheric  absorption.  The  numbers  in 
the  seventh  column  are  derived  from  the  fourth  column  by  applying 
the  logarithmic  corrections  in  the  fifth  and  sixth.  In  the  eighth 
column  the  phase  is  counted  each  way  from  the  point  opposite 
the  sun,  positive  after  full  moon.  At  the  foot  of  the  table  are 
given  the  measure  on  the  corona  and  the  comparison  with  the  full 
moon. 

TABLE  III 

OBSERVATIONS  OF  THE  MOON 


Date 

G.M.T. 

Zenith 
.   Dis- 
tance 

Moon's 
Light  in 
Candle- 
Meters 

Log. 
Reduc- 
tion to 
Mean 
Distance 

Log. 
Correc- 
tion to 

No  At- 
mosphere 

Corrected 
Moon's 
Light  in 
Candle- 
Meters 

Mean 
in 
Candle- 
Meters 

Phase 

Absorption 
Factor 

1918     June    3 
June    4 

22h3Om 

22  35 
22  39-5 

22    46 
22    l8 

69-5 
68.6 

67.7 

66.6 
78.2 

0.017 
.020 
.018 
.017 
.oo< 

9.967 
9.967 
9.967 
9.967 
9   968 

0-635 
0.6o8 
0.582 
0-550 
o.  747 

0.068 
•075 
.064 
.056 

.026 

o'o66 

+  120° 

2-5 

22    28 

76.3 

.oo<: 

9.968 

0.662 

.O2I 

June  22 

22  59 
18  07 

70.7 
66  6 

.on 
& 

9.968 

o  oi<? 

0.484 

O  444. 

0.031 
I    67 

0.026 

+  134 

1.8 

June  23 

18  52 
19  14 
16  10 
16  58 
17  32 

70.2 
72.1 
67.4 
64.6 
63.8 

•Si 
•45 
.81 
.88 
.96 

0.015 
0.015 
0.005 
0.005 
0.005 

0.524 
0.578 
0.414 
0.367 
0.356 

1.77 
I.76 
2.  12 
2.07 
2.  20 

i-73 
2-13 

-    14 

-     3 

2.O 

1.8 

Corona  on 
June  8 

ii   18 

q  ?    2 

o  60 

O    2<2 

i  07 

T     8 

Ratio  of  corona  to  full  moon,  o. 50 

The  first  three  nights  in  Table  III  are  included  only  as  a  general 
check  upon  the  measures  at  full  moon.  The  correction  for  atmos- 
pheric absorption,  which  increases  the  values  as  much  as  five- 
fold, shows  that  it  is  useless  to  measure  the  moon  at  low  altitudes 
unless  a  star  near  by  can  be  used  for  comparison.  The  measures 
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of  the  full  moon  on  June  23  were  quite  satisfactory,  and  the  sky 
was  estimated  to  be  fully  as  good  as  at  the  time  of  the  eclipse.  The 
application  of  the  absorption  correction  changes  the  ratio  corona 
to  moon  from  about  0.6  to  0.50,  and  it  is  evident  that  no  great 
error  has  been  introduced  here  by  improper  allowance  for  the 
atmosphere. 

The  method  of  allowing  for  the  atmospheric  absorption  in  our 
photometric  work  on  stars  at  this  observatory  is  to  take  the  reduc- 
tion to  zenith  from  Miiller's1  table  and  multiply  by  an  arbitrary 
factor,  based  upon  the  observer's  judgment,  but  this  factor  is  often 
determined  by  measures  of  suitably  placed  stars,  and  with  constant 
instrumental  conditions  is  fixed  by  the  absolute  amount  of  photo- 
electric effect  produced  by  any  star  which  has  been  observed  on 
many  nights.  If  the  reduction  to  outside  the  atmosphere  is  desired, 
an  additional  allowance  of  0.20  magnitude  times  the  factor  is 
made.  Since  for  a  potassium  cell  our  usual  factor  for  a  good  night 
is  1.8,  this  gives  0.36  magnitude  as  the  absorption  at  the  zenith. 
For  the  work  on  stars,  where  the  correction  is  always  a  differential 
one,  it  is  not  a  great  matter  if  the  absolute  value  of  the  assumed 
absorption  is  considerably  in  error,  as  no  theory  can  allow  for  the 
sudden  and  irregular  changes  in  the  transparency  of  the  air  at  any 
ordinary  station.  There  is  of  course  a  great  difference  in  the 
absorption  for  light  of  different  wave-lengths,  but  the  foregoing 
estimate  is  considered  to  be  about  right  for  the  integrated  effect 
with  a  potassium  cell.  Although  it  is  quite  unsatisfactory  to  guess 
in  this  way  at  the  effect  of  our  atmosphere  on  the  brightness  of  the 
corona,  it  is  better  than  to  ignore  the  effect  altogether,  as  has  been 
done  in  most  cases. 

We  give  in  Table  IV  other  photometric  measures  of  the  corona 
subsequent  to  1870  and  1878,  when  only  first  rude  attempts  were 
made. 

The  photo-electric  value  ought  to  be  fairly  comparable  with 
the  photographic  results,  considering  the  color-curve  of  the 
potassium  cell.  Our  result  does  fit  in  between  the  extremes,  but 
it  is  evident  that  there  are  large  outstanding  differences  between 
observers  which  are  probably  not  due  to  changes  in  the  corona. 

1  Photometric  der  Gestirne,  p.  515. 
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The  values  ascribed  to  Pickering  and  Holden  are  not  given 
explicitly  in  their  papers  but  may  be  derived  from  their  data,  using 
Pickering's  figure  for  the  moon  for  both  cases. 

The  photographic  results  by  Turner  apparently  depend  upon 
a  value  of  0.02  foot-candles  for  the  moon,  which  is  all  right  for 
visual  light,  but,  we  suspect,  may  be  five  or  ten  times  too  small  for 
the  moon's  photographic  effect.  If  this  surmise  is  correct,  then 
Turner's  values  should  be  .considerably  reduced. 

The  volumes  of  the  British  Astronomical  Association,  edited  by 
Maunder,  are  not  available  to  us,  and  we  are  indebted  to  Mr.  Park- 
hurst  for  the  reference  to  them.  We  are  quite  at  a  loss  to  account 
for  the  high  values  obtained  in  1898  and  1900. 

The  independent  measures  of  Graff  and  Schwarzschild  in  1905 
seem  to  be  in  "good  agreement. 

Perrine  states  that  most  of  the  light  which  goes  into  his  value 
of  o .  1 1  is  additional  to  what  is  shown  on  an  ordinary  photograph, 
as  he  allows  for  the  part  of  the  corona  which  is  hidden  by  the  moon. 
He  considers  that  most  of  the  coronal  light  comes  from  the  inner 
ring  about  the  sun's  limb,  only  i  minute  of  arc  in  apparent 
width. 

Of  the  visual  determinations,  those  published  by  Abney  and 
Thorpe  were  made  with  the  same  instrument,  the  observers  being 
Douglas  in  1886  and  Forbes  in  1893.  A.  direct  comparison  with 
the  moon  was  not  made,  and  the  corona  was  expressed  in  Siemens' 
units  at  i  foot,  0.0197  in  1886  and  0.026  in  1893,  the  conditions 
being  poor  at  the  first  date.  Following  Turner's  discussion  of  these 
measures,  the  values  in  terms  of  the  full  moon  are  0.8  and  i.i 
respectively,  which  are  inserted  in  Table  IV. 

Leuschner  in  1889  found  0.0086  units  of  a  wax  candle  at  i  foot. 
We  arbitrarily  assume  the  moon  to  be  0.02  in  the  same  unit,  and 
derive  0.4  moon  for  the  corona. 

The  results  of  Fabry  and  Knopf  are  as  given  in  the  originals. 

As  far  as  we  can  make  out,  all  of  the  photographic  determina- 
tions are  for  the  corona  exclusive  of  the  sky  background.  The 
values  of  Abney  and  Thorpe  apparently  include  the  sky,  an  area 
of  perhaps  12°  diameter  according  to  Turner.  The  results  of 
Leuschner  in  1889  exclude  the  sky,  and  the  same  is  presumably 
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true  of  the  careful  measure  of  Fabry  in  1905,  while  Knopf  included 
the  background  in  the  immediate  vicinity  of  the  corona. 

There  are  large  outstanding  corrections  for  atmospheric  absorp- 
tion which  should  be  applied  to  the  results  in  Table  IV  to  make 


TABLE  IV 
TOTAL  LIGHT  OF  THE  CORONA 


ECLIPSE 

OBSERVER 

IN  TERMS' 
OF  FULL 
MOON 

REFERENCE 

1886  
1889  (January)  
1889  (December)  .  .  . 

i893  
1898  
1898  

I  GOO  .  . 

Photographic  Determinations 

W.  H.  Pickering 
Holden 
Holclen 
Turner 
Turner 
Bacon  and  Gare  • 

Gare  and  Johnston 

Graff 
Schwarzschild 
Perrine 

0.025 
0.04 
O.02 

0.6 
I.I 

2.7 

io.(?)* 
0.26 

0.17 

O.  II 

Harvard  Annals,  18,  104,  1890 
Lick  Contributions,  i,  14,  1889 
Ibid.,  2,  14,  1891 
Proc.  Roy.  Soc.,  68,  36,  1901 
Ibid. 
The    Indian    Eclipse    of   i8gS 
(E.  Walter  Maunder,  ed.), 
p.  129 
The  Total  Solar  Eclipse  of  igoo 
(E.  Walter  Maunder,  ed.), 

P-  JS4 
Hamburger    Abhandlungen,    3, 
48,  1913 
A  stronomische    Mittcilungcn, 
Gottingen,  No.  13,  p.  36 
Lick  Obs.  Bull.,  5,  98,  1909 

IQO^ 

IQCK 

1908 

1886 

Visual  Determinations 

Abney  and  Thorpe 
Leuschner 
Abney  and  Thorpe 
Fabry 
Knopf  

0.8 
0.4 
i  .  i 

o.75 
0.85 

Phil.  Trans.,  loSA,  363,  1889 
Lick  Contributions,  i,  100,  1889 
Phil.  Trans.,  187/1,  433,  1896 
Comptes  rendus,  141,  870,  1905 
Hamburger    Abhandlungen,    3, 
80,  1913 

1889  (January)  
1803 

IQO<\ 

1905  
1918  

Photo-Electric  Determination 

Kunz  and  Stebbins 

0.50 

This  paper 

*  Measured  as  6  c.p. 

them  homogeneous,  but  we  have  not  the  data  at  hand  to  hazard 
such  a  procedure.  In  a  general  way  it  is  evident  that  the  visual 
values  run  about  ten  times  larger  than  the  photographic,  except 
for  the  British  observers  ,and  the  photo-electric  result  lies  between, 
but  nearer  the  visual. 
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The  question  naturally  arises  as  to  how  much  of  the  total  light 
which  we  assume  to  be  from  the  corona  in  1918  was  due  to  the 
prominences,  which  were  unusually  bright  at  this  eclipse.  The 
short-exposure  photographs  show  the  prominences  to  be  intrin- 
sically more  intense  than  adjacent  regions  of  the  inner  corona,  and 
can  it  be  that  what  we  measured  was  the  prominences  and  not  the 
corona  at  all?  The  answer  is  that  in  the  photographic  spectrum 
of  the  prominences  the  most  prominent  features  are  the  H  and  K 
calcium  lines,  which  have  almost  no  effect  upon  the  photo-electric 
cell.  From  a  print  of  the  spectrum  obtained  at  Green  River  and 
kindly  sent  to  us  by  Mr.  Parkhurst,  it  is  seen  that  the  prominence 
radiations  which  would  affect  the  cell  are  principally  77/3  and  #7; 
but  it  seems  that  the  selective  effect  of  cutting  out  the  H  and 
K  light,  combined  with  the  long  stretch  of  continuous  coronal 
spectrum  to  which  the  cell  is  sensitive,  would  make  the  promi- 
nences much  less  effective  on  the  cell  than  on  the  photographs. 
It  is  possible  that  a  study  of  the  1918  plates  will  give  a  measure 
of  the  photographic  light  of  the  prominences  as  compared  with 
the  corona,  but  until  this  is  accomplished  we  cannot  give  a 
numerical  estimate  of  the  effect  of  the  prominences. 

SUMMARY 

By  means  of  a  potassium  photo-electric  cell  the  corona  of  June  8, 
1918,  was  compared  with  a  standard  candle,  two  electric  lamps,  the 
full  moon,  and  with  an  area  of  sky  during  totality  and  in  full  sun- 
shine. The  numerical  results  are  as  follows: 

Observed  total  light  of  corona .  .  .  • o .  60  candle-meters 

Same,  corrected  to  outside  atmosphere i  .07  candle-meters 

Observed  ratio  of  corona  to  full  moon .  .  .  '. 0.6 

Same  corrected  to  outside  atmosphere o .  50 

Observed  ratio  of  corona  to  sky  circle  ^°  diameter 

8°  from  uneclipscd  sun o .  105 

Same  during  totality 640 . 

Ratio  of  intensity  of  daylight  sky  8°  from  sun  to 

intensity  of  same  area  during  totality 6100 

All  of  the  foregoing  measures  refer  to  the  light  to  which  the  photo- 
electric cell  is  sensitive  (sec  Fig.  2).     It  is  probable  that  the  light 
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from  the  prominences  had  a  small  effect  upon  the  measures,  which, 
however,  can  be  evaluated  from  the  photographs. 
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